Advanced manufacturing and nanotechnology for non-noble metal-based oxygen evolution electrocatalysts by Zhang, Bowei
Graduate Theses and Dissertations Iowa State University Capstones, Theses and Dissertations 
2019 
Advanced manufacturing and nanotechnology for non-noble 
metal-based oxygen evolution electrocatalysts 
Bowei Zhang 
Iowa State University 
Follow this and additional works at: https://lib.dr.iastate.edu/etd 
 Part of the Mechanical Engineering Commons 
Recommended Citation 
Zhang, Bowei, "Advanced manufacturing and nanotechnology for non-noble metal-based oxygen evolution 
electrocatalysts" (2019). Graduate Theses and Dissertations. 17627. 
https://lib.dr.iastate.edu/etd/17627 
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and 
Dissertations at Iowa State University Digital Repository. It has been accepted for inclusion in Graduate Theses and 
Dissertations by an authorized administrator of Iowa State University Digital Repository. For more information, please 
contact digirep@iastate.edu. 








A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of  
DOCTOR OF PHILOSOPHY 
 
Major: Mechanical Engineering 
 
Program of Study Committee: 








The student author, whose presentation of the scholarship herein was approved by the 
program of study committee, is solely responsible for the content of this dissertation. The 
Graduate College will ensure this dissertation is globally accessible and will not permit 









Copyright © Bowei Zhang, 2019. All rights reserved. 
ii 
TABLE OF CONTENTS 
 
LIST OF FIGURES ........................................................................................................... iv 
ABSTRACT ........................................................................................................................ v 
CHAPTER 1. INTRODUCTION ....................................................................................... 1 
1.1 Background and Motivation .................................................................................... 1 
1.1.1 Metal Oxides for OER Electrocatalysts .......................................................... 2 
1.1.2 Layered-Double-Hydroxides for OER Electrocatalysts .................................. 4 
1.1.3 Metal Sulfides/Selenides/Nitrides for OER Electrocatalysts .......................... 5 
1.1.4 Metal-Organic Frameworks (MOFs) for OER Electrocatalysts...................... 7 
1.2 Mechanism and Measurement Criteria for OER ..................................................... 8 
1.2.1 Overpotential (η) ............................................................................................. 8 
1.2.2 Tafel Slope ...................................................................................................... 9 
1.2.3 Turnover Frequency (TOF) ........................................................................... 10 
1.2.4 Electrochemical Surface Area (ECSA) ......................................................... 10 
1.2.5 Stability ......................................................................................................... 11 
1.3 Dissertation Organization ...................................................................................... 12 
1.4 References ............................................................................................................. 13 
CHAPTER 2. BIMETALLIC (FeXNi1-X)2P NANOARRAYS AS 
EXCEPTIONALLY EFFICIENT ELECTROCATALYSTS FOR OXYGEN 
EVOLUTION IN ALKALINE AND NEUTRAL MEDIA.............................................. 15 
2.1   Abstract ................................................................................................................ 15 
2.2   Introduction ......................................................................................................... 16 
2.3   Experimental Methods ......................................................................................... 18 
2.3.1   Materials and Chemicals ............................................................................. 18 
2.3.2   Synthesis of (FexNi1−x)2P Nanosheet Arrays on Nickel Foam .................... 18 
2.3.3   Structural and Surface Characterization ...................................................... 19 
2.3.4   Electrochemical Measurements ................................................................... 20 
2.4   Results and Discussion ........................................................................................ 20 
2.5   Conclusions ......................................................................................................... 30 
2.6   Supporting Information ....................................................................................... 32 
2.7   Acknowledgements ............................................................................................. 37 
2.8   References ........................................................................................................... 37 
CHAPTER 3. FLUORIDE-INDUCED DYNAMIC SURFACE SELF-
RECONSTRUCTION PRODUCES UNEXPECTEDLY EFFICIENT OXYGEN 
EVOLUTION CATALYST.............................................................................................. 40 
3.1   Abstract ................................................................................................................ 40 
3.2   Introduction ......................................................................................................... 41 
3.3   Experimental Methods ......................................................................................... 42 
3.3.1   Materials and Chemicals ............................................................................. 42 
iii 
3.3.2   Materials Synthesis...................................................................................... 43 
3.3.3   Materials Characterization .......................................................................... 44 
3.3.4   Electrochemical Tests.................................................................................. 44 
3.4   Results and Discussion ........................................................................................ 45 
3.5   Conclusions ......................................................................................................... 58 
3.6   Supporting Information ....................................................................................... 59 
3.7   Acknowledgements ............................................................................................. 70 
3.8   References ........................................................................................................... 70 
CHAPTER 4. DEFECT-RICH 2D MATERIAL NETWORKS FOR ADVANCED 
OXYGEN EVOLUTION CATALYSTS ......................................................................... 75 
4.1   Abstract ................................................................................................................ 75 
4.2   Introduction ......................................................................................................... 76 
4.3   Experimental Methods ......................................................................................... 78 
4.3.1   Materials and Chemicals ............................................................................. 78 
4.3.2   Synthesis of Co-MOF Nanoarrays .............................................................. 78 
4.3.3   Synthesis D-U-Co(OH)2 and D-U-CoNi-OH Networks ............................. 79 
4.3.4   Purification of 1M KOH Electrolyte ........................................................... 79 
4.3.5   Electrodeposition of Cobalt Hydroxide On Ni Foam .................................. 79 
4.3.6   Materials Characterization .......................................................................... 80 
4.3.7   Electrochemical Measurements ................................................................... 80 
4.3.8   Calculations of Intrinsic Activity, Turnover Frequency (TOF), and 
Mass Activity ......................................................................................................... 80 
4.4   Results and Discussion ........................................................................................ 81 
4.5   Conclusions ......................................................................................................... 93 
4.6   Supporting Information ....................................................................................... 94 
4.7   Acknowledgements ........................................................................................... 101 
4.8   References ......................................................................................................... 101 
CHAPTER 5. CONCLUSIONS ..................................................................................... 105 





LIST OF FIGURES 
Page 
Figure 1.1 Schematic of electrochemical devices and polarization curves ........................ 2 
Figure 1.2 OER volcano plots for metal oxides ................................................................. 3 
Figure 1.3 Exfoliation process of LDHs and their OER activities..................................... 5 
Figure 1.4 Schematic of the growth process of MOFs on substrate. ................................. 7 
Figure 1.5 OER LSV plots with and without normalization by ECSA ........................... 11 
Figure 2.1 Materials characterization............................................................................... 22 
Figure 2.2 XPS measurements ......................................................................................... 24 
Figure 2.3 OER electrocatalysis of various electrodes in 1M KOH ................................ 26 
Figure 2.4 Electrocatalytic OER behaviors of (FexNi1-x)2P/NF in 0.1M KPi .................. 27 
Figure 2.5 Post-OER characterization for Fe-Ni phosphide ............................................ 29 
Figure 3.1 Characterizations for NiFe-OH-F nanosheets ................................................ 45 
Figure 3.2 Electrochemical tuning and OER durability ................................................... 47 
Figure 3.3 Characterizations of NiFe-OH-F-SR and NiFe-OH-F.................................... 51 
Figure 3.4 Electrochemical characterizations and Brunauer–Emmett–Teller tests ......... 54 
Figure 4.1 The synthetic route for Co-MOF nanoarrays and defect-rich ultrathin 
Co(OH)2 nanosheet-networks on 3D Ni foam. ............................................. 78 
Figure 4.2 Characterizations of Co-MOF and MOF-derived ultrathin Co(OH)2 ............ 81 
Figure 4.3 High resolution HAADF-STEM images ........................................................ 86 
Figure 4.4 Electrochemical behaviors .............................................................................. 90 




The oxygen evolution reaction (OER) plays vital roles in electrochemical energy 
conversion and storage applications, including water-splitting systems, fuel cells, metal-air 
batteries, and CO2 reduction devices, but the development of highly active and robust OER 
catalysts based on non-noble metals by simple methods is challenging. In this dissertation, 
three major strategies are proposed for developing advanced OER electrocatalysts at low 
cost by simple and versatile methods. In the first work, a bimetallic Ni-Fe-P nanosheet 
arrays were designed and fabricated as a pre-catalyst to catalyzing super high OER current 
densities under alkaline and neutral media. To catalyze a 10 mA/cm2 OER current density, 
only 156 mV and 396 mV overpotentials are needed in 1 M potassium hydroxide (KOH) 
and 0.1 M phosphate buffer (KPi) electrolytes, respectively. Specific investigations were 
carried out of the Fe/Ni ratios, electronic structures, and the Ni oxidation properties for the 
OER activities. The second work brought the rarely reported metal fluoride hydroxyl to the 
view of community and studied the role of fluoride in the electrochemical cyclic 
voltammetry (CV) cycling, using Ni-Fe fluoride hydroxide nanosheet arrays (NiFe-OH-F) 
as the representative case. After ~ 200 CV cycles, the original NiFe-OH-F surface of ~ 30 
nm depth was converted into mesoporous and amorphous NiFeOx layer, which shows a 58-
fold increase in OER current density compared to the 1st CV cycle, at the overpotential of 
220 mV. The third work reported a facile room temperature strategy to fabricating self-
supported grain boundary (GB)-rich 2D metal hydroxide networks at large scale by etching 
the cobalt metal-organic framework (Co-MOF, ZIF-L-Co). In the etching process, the 
simultaneous linker removal and metal ions hydrolysis in Co-MOFs lead to the formation 
of 2D ultrathin and defective Co/CoNi hydroxide networks. The obtained catalysts have 
vi 
been proven among the most active OER catalysts to date.  These strategies create more 
opportunities for developing more advanced electrode materials for the electrochemical 
energy conversion and storage systems.
1 
CHAPTER 1.    INTRODUCTION 
1.1 Background and Motivation 
Fossil fuels, such as coal, natural gas, and petroleum, supply ~ 83% of the global energy 
consumption. The consumption of fossil fuels has rapidly increased in the last 20 years and will 
continue to increase in the next few decades, leaving the fossil fuel depleted and the reserves 
becoming harder to locate. Another big issue is the seriously impacted climate change, which 
is reflected by the arising global temperature.1 The decarbonization of global energy production 
and utilization is therefore become imperative by developing renewable and clean energy to 
replace fossil fuels, which will change the ways how people live, travel, and work.1 Tremendous 
efforts have been devoted to improving the efficiencies of electrochemical energy storage and 
conversion technologies, in which electrochemistry plays the vital roles with a series of 
electrocatalytic reactions, including the oxygen reduction reaction (ORR) at the cathode of 
metal-air batteries and fuel cells (Figure 1.1),2,3 hydrogen oxidation reaction (HOR) in fuel 
cells, oxygen evolution reaction (OER),4 and hydrogen evolution reaction (HER) at the anode 
and cathode of water splitting electrolyzers (Figure 1.1),5 as well as CO2 reduction devices.
6,7 
One of the important reasons that keeps these devices/systems from being of practical use to 
date is the sluggish kinetics of OER. To replace the currently using benchmark noble metal-
based OER electrocatalysts (IrO2 and RuO2), it is full of significance to develop efficient and 
robust OER electrocatalysts made of earth-abundant and low-cost transition metals (for 
example, Fe, Co, Ni, Mo, V, Cu, W, etc.).4,8 
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Figure 1.1 Schematic of electrochemical devices and polarization curves. (a) Schematic of 
water-splitting electrolyzer and fuel cells,9 and (b) metal-air batteries with corresponding 
electrocatalysis processes.10 (c) Typical polarization curves of OER, HER, ORR, and HOR 
processes and their corresponding reaction formulas.11 
 
1.1.1 Metal Oxides for OER Electrocatalysts 
Over the past few decades, considerable research effort has been devoted to exploring 
transition metal based OER catalysts with the aim of achieving practical efficiency of oxygen 
evolution at low overpotential and got a series of exciting progresses.4,8 The metal oxide 
catalysts are first overviewed in the following part. Because the electrocatalysts are metal 
oxides, △GO – △GOH can be the descriptor in the OER volcano plots (Figure 1.2) for evaluating 
a wide variety of metal oxide surfaces, including rutile, spinel, perovskite, and bixbyite 
oxides.12 Experimental overpotentials at the current density of 1 mA cm−2 are seen to overlay 
well on the theoretical overpotential volcano when plotted against the above descriptor. In the 
absence of fully elucidated surface structures for the resulting active surfaces for OER, binding 
energies from the ideal, stoichiometric terminations were used in the construction of Figure 1.2. 
3 
For OER catalysis under acidic condition, Ir-based materials (such as IrOx/SrIrO3) have been 
proven as the active and robust metal oxide catalysts, as theoretically explained on the basis of 
reasonable binding energies to reaction intermediates.12,13 However, the transition metal-based 
catalysts for active and robust acidic OER are still rarely reported due to its strong corrosive 
and oxidative environment, making the alkaline system more feasible for OER-involving 
electrochemical energy conversion and storage devices. 
 
Figure 1.2 OER volcano plots for metal oxides. △GO – △GOH is used as the descriptor in the 
OER volcano plots for evaluating the catalytic activities of metal oxide catalysts.12 
 
Under alkaline condition, non-precious metal oxide catalysts such as nickel (Ni) 
oxides,14-16 cobalt (Co) oxides,17,18 manganese (Mn) oxides,19 and multi-cation perovskites20,21 
have also been extensively investigated. The combination of multi-cations has been proven as 
an effective way to improve the OER activity in oxides. Among the numerous multi-metallic 
oxides reported so far, Fe-incorporated NiOx is regarded as one of the most active oxide 
4 
catalysts toward OER due to the extraordinary inherent catalytic activity.14 Recently, electrodes 
of ternary FeCoW oxyhydroxides with high surface area were prepared by Sargent group 
(Figure 1.2), exhibiting favorably comparable performance with the most-active NiFeOx for the 
OER in alkaline electrolyte.22 When normalized to the catalyst surface area, many non-precious 
metal oxide catalysts for the OER are at least as active as precious metal-based systems in 
alkaline (Figure 1.2), indicating the immense potential of replacing noble metal-based OER 
catalysts using transition metal-based catalysts. 
1.1.2 Layered-Double-Hydroxides for OER Electrocatalysts 
 Transition metal-based layered double hydroxides (LDHs) then attracted extensive 
research attention, which are a class of two-dimensional (2D) solid materials consisted of mono-
/di-/tri-valent cationic layers with anions and solvation molecules in the interlayer space.23 The 
most common metal cations in LDHs includes Li/Ni/Zn/Co/Al/Cu/Cr/Fe/V cations.24,25 The 
incorporated metal ions, solvation molecules, and intercalated anions within the layered 
structures of LDHs enable it high interlayer space and unique electrochemical features. Among 
the various reported LDHs up to date, NiFe LDHs have drawn extensive attention as its 
excellent electrocatalytic activities and stability toward OER. The nanoparticles consisted of Fe 
hydroxide core wrapped in a shell of bimetallic Fe-Ni hydroxide have been synthesized by 
Candelaria et al. in aqueous system,23 which shows much higher electrocatalytic activity toward 
the OER than the monometallic Ni and Fe nanoparticles. Similarly, Trotochaud et al.26 observed 
a ~ 30 times increase of electrical conductivity from the Ni(OH)2/NiOOH layer after 
incorporating Fe impurities, which dramatically improves the catalytic activity of host material 
for OER. 
5 
Enlarging surface area of LDH is an effective way to engineering more active sites and 
then improving the activity for OER. For instance, the Hu group exfoliated the bulk LDHs to 
single layer nanosheets (Figure 1.3a).27 The single layer NiFe LDH nanosheets can produce 
much higher catalytic OER current than their bulk counterparts mainly because more active 
edge sites are produced on single layer sheets (Figure 1.3b).  
 
Figure 1.3 Exfoliation process of LDHs and their OER activities. (a) Schematic shows the 
exfoliation process of LDHs. (b) OER polarization curves of the exfoliated LDHs nanosheets. 
Inset figure in (b) shows the zoom-in polarization plots.27 
 
1.1.3 Metal Sulfides/Selenides/Nitrides for OER Electrocatalysts 
Research focus is then heading toward the incorporation of various anions like –S, –Se, 
and –N to further improve the OER performances of transition metal oxides/hydroxides 
catalysts owing to the electro-negativities of these anions are much smaller than that of oxygen. 
6 
On that basis, the metal sulfides/selenides/nitrides are expected to show higher electrical 
conductivity and catalytic activities than the corresponding oxides/hydroxides.8  For example, 
Wang et al.28 fabricated nickel-iron selenide nanosheets ((Ni0.75Fe0.25)Se2) on carbon cloth as 
an electrocatalyst for OER using solvothermal and hydrothermal methods. This electrocatalyst 
exhibited high OER activity with a very low overpotential of only 255 mV at a current density 
of 35 mA cm − 2 with Tafel slope of 47.2 mV dec − 1 and good stability. This high OER 
performance of the prepared nanosheets can be ascribed to the porous structure, good 
conductivity, and large electrochemical active surface area derived from incorporations of Fe 
and Se atoms. The hierarchical structure of the synthesized catalyst contains large number of 
nanoparticles, which can provide high active surface area for OER process by exposing surface 
active sites to electrolyte. Meanwhile, it can contribute to the release of product oxygen bubbles 
from the electrode surface and then prevent them blocking the active sites on the catalyst 
surface. During the OER process, the Fe2+ and Ni2+ in the as-synthesized catalyst are oxidized 
to higher valence states. It probably produces Ni1−xFexOOH on the catalyst surface, which acts 
as the real active species for high-performance OER catalysis. Similarly, the metal sulfides and 
nitrides have been proven to be the pre-catalysts of highly active (oxy)hydroxides under OER 
conditions, which show much more impressive OER activities than the directly synthesized 
oxides/hydroxides. Therefore, the surface reconstruction induced by anion leaching from metal 
sulfide/selenide/nitride surfaces under electrochemical OER conditions provides new strategies 
to fabricating advanced electrodes/nanomaterials that the conventional methods are difficult to 
gain access to. 
7 
1.1.4 Metal-Organic Frameworks (MOFs) for OER Electrocatalysts 
Owing to the rich intrinsic molecular metal sites in metal-organic frameworks (MOFs), 
they are usually regarded as ideal candidates for catalytic reactions no matter in homogenous 
or heterogeneous systems. However, in fact, few of them are used in OER electrocatalysis due 
to the low electrical conductivity and small pore size. Recently, Zhao et al.29 reported a 
universal strategy to fabricating ultrathin NiFe MOFs on various conductive supports. This 
material is synthesized by adding 2,6-naphthalenedicarboxylic acid dipotassium into the 
mixture solution of nickel acetate and iron nitrate with immersing the support into the solution 
for 10 h (Figure 1.4). Despite the OER performance of obtained NiFe-MOFs cannot favorably 
compare with the NiFe LDHs, this work shows a huge progress in terms of the electrical 
conductivity and catalytic performance of MOF materials. 
 
Figure 1.4 Schematic of the growth process of MOFs on substrate. 
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Despite a series of exciting progresses have been achieved in developing transition 
metal-based catalysts for electrochemical oxygen evolution in alkaline media, the 
overpotentials remain substantial for practical uses. More research attention is still needed to 
devote into this area for developing the next-generation electrochemical energy conversion and 
storage devices/systems. 
1.2 Mechanism and Measurement Criteria for OER  
OER is a reaction generating one molecular oxygen through a coupled transfer of four 
proton-electron. In alkaline and neutral electrolytes, four hydroxyl ions are oxidized into two 
water molecules and one oxygen molecule:  
Anode reaction:      4𝑂𝐻− → 2𝐻2 + 2𝐻2𝑂(𝑙) + 4𝑒
−                 (1.1) 
The proposed mechanism under alkaline conditions: 
𝑀 + 𝑂𝐻− → 𝑀𝑂𝐻                                        (1.2) 
𝑀𝑂𝐻 +  𝑂𝐻− → 𝑀𝑂 + 𝐻2𝑂(𝑙)                    (1.3) 
2𝑀𝑂 → 2𝑀 +  𝑂2(𝑔)                                    (1.4) 
𝑀𝑂 + 𝑂𝐻− → 𝑀𝑂𝑂𝐻 + 𝑒−                          (1.5) 
𝑀𝑂𝑂𝐻 + 𝑂𝐻− → 𝑀 + 𝑂2(𝑔) + 𝐻2𝑂(𝑙)       (1.6) 
To better evaluate the OER activities of different catalysts, some measurement criteria 
are proposed as shown in below: 
1.2.1 Overpotential (η) 
Overpotential (η) is one of the most critical parameters that determine the OER activity 
of electrocatalysts. Since OER contains four electron-proton couples transfer process, higher 
potentials than the theoretical potential (> 1.23 V vs RHE) are necessary to overcome the overall 
energy barrier in each transfer step. The extra potential (overpotential) will cause more energy 
9 
consumption and lead to decreased energy conversion efficiencies, which occurs at the surfaces 
and interfaces of the measurement system. The resistance across surfaces and interfaces will 
cause extra voltage-drop, making the measured overpotential of the electrode larger than the 
true value. A useful method to eliminate this kind of voltage-drop is iR compensation to get 
more accurate overpotential value of electrocatalysts. 
𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 = 𝐼 × 𝑅        (1.7) 
𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐸𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 − 𝐸𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐸𝑢𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 − 𝐼 × 𝑅       (1.8) 
The overpotential at a specific current density of 10 mA cm−2 (η10) is normally used to 
estimate the performance of catalyst. Low overpotential is the very significant merit of good 
OER electrocatalysts.  
𝜂 = 𝑏 × log(𝑗/𝑗0)            (1.9) 
where η is the overpotential, j is the current density, and j0 is the exchange current 
density.  
It is worth to note that overpotential is strongly dependent on the mass loading and 
surface area of electrocatalysts. It is highly recommended that the loading mass, turnover 
frequency (TOF), and surface area-normalized intrinsic activity are presented when comparing 
the OER activities of different electrocatalysts. 
1.2.2 Tafel Slope 
Tafel slope (b) is another important parameter that reflects the kinetics of OER. By 
replotting the polarization curves (current density vs. potential) into Tafel plots (overpotential 
vs. log |current density|), the Tafel slope values can be determined by fitting the linear regions 
of Tafel plots according to the Tafel equation (eq. (1.9)). This is the most common way to get 
the value of the Tafel slope with a unit of mV/dec. From another view, the Tafel slope represents 
10 
the increasing rate of overpotential in corresponding current density (j). A lower Tafel slope 
indicates a faster increase in the current density following with the increase of overpotential, 
suggesting faster OER kinetics of electrocatalysts. 
1.2.3 Turnover Frequency (TOF) 
The turnover frequency (TOF) is also crucial for estimating the intrinsic OER activities 




             (1.10) 
where j is the current density at a certain overpotential, S is the geometry area of the 
electrode (i.e. projected area), n is the amount of the active sites, F is the Faradaic constant: 
96485 C/mol. 
1.2.4 Electrochemical Surface Area (ECSA) 
It must be pointed out here that the evaluation of the electrocatalytic ability for specific 
catalysts should consider the electrochemical surface area (ECSA) and be normalized by the 
employment of cyclic voltammetry (double-layer capacitance, Cdl) scanning at different scan 
rates within a non-Faradaic potential region, especially for electrodes based on hierarchical 
substrates. For example, nickel foam is a popular substrate owing to its microporous structure 
and high surface area which lead to super high electrocatalytic activity when electrocatalysts 
are loaded on. As shown in Figure 1.5a, the OER current density of Co3O4 material deposited 
on nickel foam is superior to that on planar nickel plate, fluorine-doped tin oxide (FTO), and 
glassy carbon electrode (RDE). It seems easy to draw the conclusion that the Co3O4 loaded on 
nickel foam shows much better catalytic activity than that of on planar nickel plate, FTO, and 
RDE. That kind of comparison usually gives rise to misleading observations in scientific 
studies. However, after normalization of the catalytic OER current densities by their 
11 
corresponding ECSA, respectively, the catalytic OER activities (as shown in Figure 1.5b) of 
these electrodes are almost on the same scale.  
 
Figure 1.5 OER LSV plots with and without normalization by ECSA. (a) LSV plots based on 
geometry area and (b) LSV curves normalized by ECSA of Co3O4 on nickel foam, FTO, nickel 
plate, and glass-carbon electrode (RDE), respectively.4 
 
1.2.5 Stability 
Stability is another important evaluation factor for OER electrocatalysts, which directly 
determines the applicability of catalysts. In current, there are two different techniques for the 
stability measurements: galvanostatic and potentiostatic electrolysis. Galvanostatic (or 
potentiostatic) electrolysis is the time (or current density) dependence of the potential at a 
constant current density (or overpotential) of an electrocatalyst. A current density of 10 ~ 100 
mA cm-2 are often used in this kind of electrolysis, because these values are the most frequently 
used standard in HER electrocatalysis and solar fuel synthesis. The durability tests reported in 
the literature usually last from several to dozens of hours, and longer duration means better 
stability. 
12 
1.3 Dissertation Organization 
 In this dissertation, the research mainly focuses on the design and manufacturing of 
advanced electrocatalysts with aims to reduce the overpotential of oxygen evolution reaction 
and provide more understanding for the reaction dynamics.  
 Chapter 2 is a work published in Nano Energy. In this chapter, the bimetallic (FexNi1-
x)2P nanosheet arrays were fabricated on three-dimensional nickel foam. Electrochemical 
oxygen evolution performances were carried out of Fe/Ni ratios and Ni oxidation properties in 
alkaline and neutral media, respectively. After the OER electrocatalysis processes, we carefully 
characterized the materials by HAADF-STEM, EDX mapping, and XPS.  
 Chapter 3 is a work published in Nano Letters. In this chapter, the NiFe fluoride 
hydroxyl (NiFe-OH-F) nanosheets were fabricated and first investigated for electrochemical 
OER. Using CV cycling, the electrochemical behaviors of NiFe-OH-F were studied. Before 
and after the CV cycling, the material’s morphology, structure, and chemical composition were 
analyzed by SEM, STEM, FFT, XPS, XRD, ICP-MS, etc. 
 Chapter 4 is a work published in ACS Energy Letters. In this chapter, a versatile room-
temperature strategy is proposed to produce defect-rich 2D transition metal-based hydroxide 
networks, at large scale, using the self-supported cobalt metal-organic frameworks (MOFs) 
nanosheets as precursors. The mechanisms for the MOFs growth and etching processes are 
systematically investigated. Electrochemical OER activities of the defect-rich 2D hydroxide 
networks were studied in alkaline media (1M KOH) and compared with the previously reported 
state-of-the-art electrocatalysts. 
 Major conclusions are summarized in the chapter 5. 
13 
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2.1   Abstract 
A specific investigation has been carried out of the electronic structures, Ni oxidation 
properties, and electrochemical activities of (FexNi1−x)2P for oxygen evolution reaction (OER) 
in alkaline and neutral media, respectively. The optimized hierarchical Fe-
Ni phosphide electrode shows exceptional OER performances under both alkaline and neutral 
conditions, even much superior to RuO2 catalyst. It only needs extremely low overpotentials of 
156 mV and 255 mV to catalyze 10 and 500 mA/cm2 OER current densities in 1 M KOH. 
Furthermore, a current density of 10 mA/cm2 was achieved at a small overpotential of 396 mV 
in 0.1 M phosphate buffer. 
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2.2   Introduction 
The hydrogen gas, with ultra-high gravimetric energy density, is a clean fuel that only 
liberates water when it is used in fuel cells to generate electricity or when it combusts directly 
like natural gas.1,2 Hydrogen production by water electrolysis, using abundant water as starting 
material and giving high-purity hydrogen, has been successfully commercialized for more than 
a century. When the electricity used for electrolysis is generated from renewable sources, e.g. 
solar, the process can convert the energy into hydrogen bond for effective storage, 
transportation, and utilization of renewable sources.3 Despite the aforementioned advantages, 
the water electrolysis efficiency is greatly hindered by another sluggish half reaction, oxygen 
evolution reaction (OER), owing to the multistep proton and electron transfer processes.4,5 
Therefore, efficient OER electrocatalyst is urgently needed to improve the kinetics and drive 
high current density at low overpotential (η).6,7 
To date, Ir/Ru based oxides are the benchmark OER catalysts at practical current 
densities, but the high-cost and low-abundance impede their widespread applications.8,9 In spite 
of exciting progress achieved in developing earth-abundant element based OER electrocatalysts 
with high activity under alkaline (Co,10,11 Mo,12,13 Fe,14,15 Cu,16 and Ni17,18) and neutral (Co19-
21) conditions, substantial overpotentials are still required. Thus, it is highly desirable to further 
enhance the water oxidation efficiency of earth-abundant electrocatalysts. 
While a review of literature indicate that Ni based electrocatalyst is the most promising 
alternative to precious metal catalyst, this is due to the incorporation of Fe.22-25 In 2013, A. Bell, 
et al. reported the OER activity of 40% Fe-doped Ni oxide film in alkaline solution is two orders 
of magnitude higher than that of nickel film and three orders of magnitude higher than that of 
iron layer.25 It is also noted that the OER is catalyzed by Ni in Fe-Ni compounds and the 
incorporation of Fe alters the oxidation property of Ni and further enhances its electrocatalytic 
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activity. Recently, the electrodeposited Fe-Ni hydroxide on nickel foam was reported by C. 
Zhao et al, which gave an OER current density of 10 mA/cm2 at the overpotential of 215 mV 
in 1M KOH.15 X. Hu et al. reported the Fe-Ni diselenide-derived oxide on nickel foam, which 
catalyzed the OER with an overpotential of 195 mV for 10 mA/cm2.17  
Besides, the presence of P in transition metal compound imparts a dramatic effect on its 
OER performance. Significantly improved turnover frequency (TOF) is obtained from 
cobalt/cobalt phosphide compared to the corresponding Co oxide.26 Considering the great OER 
performance enhancements induced by incorporating Fe and P in transition metal-based 
catalysts, the bimetallic Fe-Ni phosphide is an expected highly efficient OER catalyst. Although 
transition metal based electrocatalysts are mostly stable in alkaline electrolyte, it is highly 
desired that they can also function well in neutral conditions. Highly efficient OER 
electrocatalysis under neutral condition is benign and could reduce the application cost.19,20 
However, most of the reported catalysts for neutral OER are cobalt based compounds.19-21 The 
behavior of the Fe-doped phosphide as OER catalyst in neutral solution has not been reported 
so far. Consequently, it is of great importance to investigate the detailed influences of Fe on the 
OER behaviors of transition metal-based phosphide under both alkaline and neutral conditions, 
in order to better guide the design and development of more efficient OER electrocatalysts for 
water splitting. Finally, as high surface area is favored in heterogeneous catalysis,27,28 
nanostructured and porous catalytic electrodes with abundant surface-active sites are beneficial 
for improving the OER activities.   
    Herein we report the growth of mesoporous Fe-Ni phosphide nanosheet arrays with 
tunable Fe/Ni ratios on nickel foam (NF) without using binder. We firstly explored how the 
different Fe contents influence the OER performances of Fe-Ni phosphides and systematically 
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analyzed the mechanism from the perspectives of electronic structures and the electrochemical 
kinetics of Fe-Ni phosphides in alkaline and neutral media, respectively. The Fe/Ni ratio-
dependent oxidation of Ni and its impact on OER kinetics under alkaline and neutral conditions 
have been discussed as well. As an integrated non-precious high-performance electrocatalyst 
for oxygen evolution, the optimized (Fe0.5Ni0.5)2P/NF electrode exhibits exceptional OER 
activities under both alkaline and neutral conditions. It is capable of delivering current densities 
of 10 and 500 mA/cm2 at the extremely small overpotentials of 156 mV and 255 mV, 
respectively, in 1M KOH. Furthermore, the (Fe0.5Ni0.5)2P/NF electrode only needs an 
overpotential of 396 mV to drive a current density of 10 mA/cm2 in 0.1 M phosphate buffer 
(KPi, pH = 7.0). It also exhibits remarkable stabilities in 1M KOH and 0.1M KPi. Both the 
performances under alkaline and neutral conditions demonstrate the excellent catalytic 
activities of (Fe0.5Ni0.5)2P/NF compared to other non-precious OER electrocatalysts reported so 
far. 
2.3   Experimental Methods 
2.3.1   Materials and Chemicals 
Nickel foam (thickness, 1.6 mm; bulk density, 0.45 g/cm3) was provided by Sigma 
Aldrich. NH4F, urea, RuO2, Nafion, and NaH2PO2·H2O were purchased from Sigma Aldrich. 
Ni(NO3)2·6H2O and Fe(NO3)3·9H2O were purchased from Fisher Scientific. All chemical 
reagents used in this work are of analytical grade. The water used throughout this work was 
purified by Milli-Q system. 
2.3.2   Synthesis of (FexNi1−x)2P Nanosheet Arrays on Nickel Foam 
A piece of nickel foam (NF, 2 cm × 3 cm) was carefully pre-treated with sonication to 
remove surface oxide in 6 M HCl, Milli-Q-water, and ethanol for 15 min, respectively. To 
prepare FeNi-precursor, 4 mmol of NH4F, 10 mmol urea, and 4 mmol total amount of 
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Ni(NO3)2·6H2O and Fe(NO3)3·9H2O, tuned different feed ratios of Ni/Fe from 10:0, 9:1, 7:3 to 
5:5, were dissolved in 40 mL Milli-Q-water. Then the solution was transferred into a 50 mL 
Teflon-lined stainless steel autoclave. The pre-treated NF was immersed in the solution, sealed, 
and kept at 120 °C for 6 h for hydrothermal growth of the FeNi hydroxide precursor. To prepare 
(FexNi1−x)2P/NF, FeNi-precursor/NF and 1.0 g of NaH2PO2·H2O were put at two separate 
positions in a ceramic boat inside a tube furnace with NaH2PO2·H2O at the upstream of the gas 
flow. After flushed with argon (Ar), the center of the furnace was elevated to 300 °C at a 
ramping rate of 1 °C min−1 and kept at this temperature for 1 h in a static Ar atmosphere, and 
then naturally cooled down to ambient temperature. For the convenience of X-ray 
diffraction (XRD) characterization, the phosphides were fabricated on nickel foils according 
the same methods mentioned above. To prepare the samples for ICP-MS, the phosphides were 
fabricated on nickel foils as mentioned above and the phosphide powders were scratched and 
collected from their surfaces, respectively. 
2.3.3   Structural and Surface Characterization 
XRD measurements were conducted on a Siemens D500 X-ray diffractometer using Cu 
Kα radiation. Microscopic investigations on the morphology and structure of the samples were 
characterized using a FEI Titan Themis 300 Cubed probe aberration corrected STEM and a FEI 
Quanta 250 field-emission scanning electron microscopy (FE-SEM) at an accelerating 
voltage of 15 kV. For STEM observation, the active material grown on Ni foam was immersed 
into ethanol and sonicated for 3 h to peel off the phosphide fragments from nickel foam. Then 
a few drops of the suspension were dropped onto TEM copper grids. Chemical compositions of 
the thin films were determined by an AMICUS ESCA 3400 X-ray photoelectron spectroscopy 
(XPS) with Mg Kα 1253.7 eV radiation. The actual Ni/Fe ratios in the (FexNi1−x)2P were 
determined by ICP-MS. 
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2.3.4   Electrochemical Measurements 
Electrochemical measurements were conducted with a Gamry Reference 
3000 potentiostat at room temperature in a standard three-electrode system using 
(FexNi1−x)2P/NF and bare Ni foam as the working electrode, a Pt wire as the counter electrode, 
and Ag/AgCl (3 M) and Hg/HgO electrodes as the reference electrodes. OER tests were 
performed in 1 M KOH (pH=14.0) and 0.1 M phosphate buffer (KPi, pH=7.0) solutions at room 
temperature, respectively. All potentials measured were calibrated to RHE using the following 
equation: E (RHE)=E (Ag/AgCl) + 0.197 + 0.059 pH = E (Hg/HgO) + 0.098 + 0.059 pH. RuO2 ink was 
prepared by dispersing 10 mg RuO2 powder in the mixture solution of 950 µL ethanol and 
50 µL Nafion (20 wt%). Then the catalyst ink was coated onto nickel foam with the 
RuO2 loading mass density of about 4 mg/cm
2 and dried in air at room 
temperature. Polarization curves were obtained using linear sweep voltammetry (LSV) with a 
scan rate of 5 mV s−1. All the currents presented in this work were compensated with 100% iR-
correction. The long-term durability tests were carried out using the chronopotentiometric 
measurements and cyclic voltammetry (CV). The CV cycling test was conducted at a sweep 
rate of 100 mV s−1. Electrochemical impedance spectroscopy (EIS) tests were carried out in a 
frequency range from 100 kHz to 0.1 Hz. 
2.4   Results and Discussion 
(FexNi1-x)2P nanosheet arrays on nickel foams were topotactically derived from their 
hydroxide precursors via phosphorization. During the synthesis process, the colour of the 
electrode changed from yellowish-brown to black. The X-ray diffraction pattern (Figure 2.1a) 
for the phosphide product shows diffraction peaks at 40.8°, 44.6°, 47.3°, 54.2°, 54.9°, 66.2°, 
72.7°, and 74.7° corresponding to the (111), (201), (210), (300), (211), (310), (311), and (400) 
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planes of Ni2P, respectively, which is consistent with Ni2P standard pattern (PDF#04-004-
5163).29 In addition, the (FexNi1-x)2P retain the hexagonal phosphide structure, which is the 
same as binary Ni2P. However, the lattice constants of (FexNi1-x)2P depend on the Fe/Ni ratios 
and decrease with the increase of Fe fractions (Figure 2.1b) due to the substitution of Ni by Fe 
with a smaller atomic radius.30 Figure S2.1a-c show scanning electron microscopy (SEM) 
images of precursor with the Fe/Ni ratio of about 5/5 on nickel foam. Figure S2.1a indicates the 
entire nickel foam is fully coated with phosphide layer. The nanostructure still preserves its 
integrated nature after phosphorization in spite of slight volume shrinkage occurred (Figure 
2.1c, d). The interconnected electrolyte channels in Fe-Ni phosphide layer can provide short 
ion-diffusion/exchange paths and then promote the catalytic efficiency.31 High-magnification 
SEM image in Figure 2.1d reveals that such nanosheets have thickness of about 30 nm and 
length of 0.5-1 μm. Energy-dispersive X-ray (EDX) elemental mapping (Figure S2.1d) 
indicates the coexistence of Ni, Fe, and P in the phosphide layer. Inductively coupled plasma 
mass spectrometry (ICP-MS) analysis presents a Fe/Ni mole ratio of 0.285: 0.289 for 
(Fe0.5Ni0.5)2P. The mass loading densities of Fe-Ni phosphides ((Fe0.1Ni0.9)2P: 4.49 mg/cm
2; 
(Fe0.3Ni0.7)2P: 3.86 mg/cm
2; (Fe0.5Ni0.5)2P: 3.34 mg/cm
2) on nickel foam decrease gradually 
following the increase of Fe content. High resolution high-angle-annular-dark-field scanning 
transmission electron microscopy (HAADF-STEM) images (Figure 2.1e, g) of the phosphide 
nanosheet taken under [001] zone axis and its corresponding Fast Fourier transformation (FFT) 
image (Figure 2.1f) reveal (010) interplanar spacing of 0.53 nm, slightly larger than that of Ni2P 
(0.52 nm) due to the substitution of Ni by Fe in Fe-Ni phosphide.29 Figure 2.1h shows the 
HAADF-STEM image and EDX elemental mapping of Ni, Fe, and P for (Fe0.5Ni0.5)2P, 
confirming the uniform distribution of all elements through the whole nanosheet. Additionally, 
22 
the abundant mesopores in Fe-Ni phosphide nanosheets can be easily observed using HAADF-
STEM (Figure S2.2). This porous structure offers a rich number of active sites for 
electrochemical reactions. 
Figure 2.1 Materials characterization. (a, b) XRD patterns for (FexNi1-x)2P nanostructure layers 
on nickel foam. (c, d) SEM images for (Fe0.5Ni0.5)2P nanosheets and (e, g) High-resolution 
HAADF-STEM images of (Fe0.5Ni0.5)2P and (f) the corresponding Fast Fourier transformation 
(FFT) image. (h) HAADF-STEM image and corresponding EDX elemental mapping of Ni, Fe, 
and P for (Fe0.5Ni0.5)2P nanosheet. Inset in (c) is the side-view of phosphide layer. 
 
A detailed X-ray photoelectron spectroscopy (XPS) analysis indicates that the electronic 
structure modulation for Fe-Ni phosphide has been successfully realized by introducing Fe into 
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the Ni2P lattice. XPS survey spectrum (Figure 2.2a) confirms the presence of Ni, Fe, P, and O 
elements in the phosphide. Figure 2.2b-d show the XPS spectra for (Fe0.5Ni0.5)2P. The peak 
fitting analysis of Ni 2p (Figure 2.2b) suggests that the chemical species of Ni can be identified 
as Ni3+ (853.8 and 871.1 eV) and Ni2+ (856.4 and 874.9 eV), with binding energies that are 
close to those reported for nickel phosphide.32 Besides, another peak of Ni4+ centered at 858.3 
eV might be evidence for γ-NiOOH formation at the surface. The γ-NiOOH phase is crucial to 
achieve high OER activity among Ni-based catalysts.33 The Fe 2p spectrum (Figure 2.2c) is 
fitted with a spin-orbit doublet (at 711.3 and 724.6 eV) and a peak at 716.2 eV are assigned to 
Fe2+ and Fe3+,14,34 respectively. Note that the Fe 2p region indicates no peak characteristic of 
Fe2P, suggesting the formation of a bimetallic phosphide rather than a mixture of two solid 
phases. In Figure 2.2d, the high-resolution P 2p region shows two peaks at 129.9 and 133.9 eV 
reflecting the binding energies of P 2p1/2 and oxidized P species arising from superficial 
oxidation of the phosphide exposed to air.35 Figure S2.3 reveals that the incorporation of Fe 
leads to the negative shift of P 2p3/2 binding energy and positive shifts of Ni 2p3/2, suggesting 
that visible electronic modulation occurs in the alloyed catalysts. The negative shift of P 2p3/2 
indicates the increased electron occupation and thus enhanced electron-donating ability while 
the positive shifts of Ni 2p3/2 binding energy suggest enhanced electron transfer.
36 The binding 
energy shifts are Fe/Ni ratio-dependent and the maximum shifts for both P 2p3/2 and Ni 2p3/2 
are observed from (Fe0.5Ni0.5)2P. The enlarged difference could lead to increased local electric 
dipole, which is beneficial to the adsorption and desorption of OER reactants and products, 
therefore leading to lower kinetic barrier and enhanced catalytic activity.37,38 
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Figure 2.2 XPS measurements. (a) XPS survey spectrum and high resolution XPS spectra for 
(b) Ni 2p, (c) Fe 2p, (d) P 2p and peak fitting analysis of (Fe0.5Ni0.5)2P. 
 
The OER catalytic effects of (FexNi1-x)2P/NF were first studied in alkaline conditions. 
As Figure 2.3a illustrates, (FexNi1-x)2P/NF were directly used as anodes for OER tests. Alkaline 
OER performances were measured in 1 M KOH, the polarization curves and Tafel plots of 
various electrodes are shown in Figure 2.3b and c. The LSV polarization curve of Ni2P (Figure 
2.3b) shows the well-known oxidation peak at about 1.38 V, which is attributed to the formation 
of NiOOH oxidized from Ni(OH)2.
25 Following the increase of Fe incorporation in Fe-Ni 
phosphide, the Ni(OH)2/NiOOH oxidation peak shifts positively toward higher potentials. The 
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shift in the oxidation potential indicates that the electrochemical oxidation reaction is 
suppressed by the introduction of Fe.25,39 If the oxidation reaction occurs below the onset 
potential of OER, the oxidation peak area should decreases following the increase of the Fe 
introduction and the resulting positive shift of oxidation peak.25 However, the oxidation peak 
in (Fe0.1Ni0.9)2P/NF seems like incomplete and larger than that in Ni2P/NF, which might be 
aroused by the overlap between oxidation region and the OER onset potential and the fast rise 
of catalysis current. Compared to Ni2P/NF, the dramatically improved OER activity by Fe 
introduction suggests that the introduction of Fe increased the electrocatalytic reaction kinetics. 
Ni oxidation peak become invisible in (Fe0.5Ni0.5)2P/NF, indicating the metal oxidation is 
completely suppressed by Fe introduction and the Ni reduction step during O2 release takes the 
dominant place in its kinetics competition with Ni oxidation.39 Accordingly, (Fe0.5Ni0.5)2P/NF 
electrode yields the highest OER activity with the overpotentials of 156 and 255 mV to drive 
current densities of 10 and 500 mA cm-2, respectively. The (Fe0.5Ni0.5)2P/NF exhibits much 
better OER performance than the recently reported non-precious catalysts under alkaline 
condition.10-18,40-42 
The electrochemical oxygen evolution kinetic of all electrodes in alkaline electrolyte 
(1M KOH) are evaluated with Tafel plots (Figure 2.3c) through plotting overpotential to log 
(j). Tafel plots of (FexNi1-x)2P/NF electrode show a decrease following the increase of Fe 
content, indicating the incorporation of Fe also has a significant effect on the Tafel slopes of 
Fe-Ni compounds. The (Fe0.5Ni0.5)2P/NF electrode shows the smallest Tafel slope of 66 





Figure 2.3 OER electrocatalysis of various electrodes in 1M KOH. (a) Schematic diagram of 
Fe-Ni phosphide nanosheet arrays on Ni foam for oxygen evolution. (b) OER polarization 
curves and (c) the corresponding Tafel slopes. (d) Plots showing estimation of the 
electrochemically active surface area by double layer capacitance measurements. 
 
The electrochemically surface area (ECSA) in (Fe0.5Ni0.5)2P/NF is the largest compared 
to other catalyst electrodes under study. The roughness factor (RF) is used to determine the 
ratio of the ECSA to the geometric surface area of the electrode. To estimate the ECSA and RF, 
we measured the double-layer capacitance (Cdl) via a simple cyclic voltammetry (CV) method 
in a non-Faradaic region at different scan rates (Figure S2.4 shows the details).43 The Cdl values 
in Figure 2.3d imply significant variations in ECSA, despite of the similar morphologies among 
the bimetallic (FexNi1-x)2P/NF. Indeed, (Fe0.5Ni0.5)2P/NF has the largest Cdl of 4.2 mF/cm
2, 
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suggesting its RF is larger than that of other (FexNi1-x)2P/NF. Thus, the superior electrocatalytic 
performances of (Fe0.5Ni0.5)2P/NF can be partially ascribed to the high ECSA and consequently 
highly exposed active sites. 
 
Figure 2.4 Electrocatalytic OER behaviors of (FexNi1-x)2P/NF in 0.1M KPi. (a) Polarization 
curves of the porous (FexNi1-x)2P/NF, along with Ni foam and RuO2/NF for comparison. (b) 
The corresponding Tafel plots of the polarization curves. (c)  Nyquist plots of (FexNi1-x)2P/NF 
electrodes at the potential of 1.6 V vs. RHE. (d) Polarization plots of (Fe0.5Ni0.5)2P/NF before 
and after 1000 cycles. 
 
The electrocatalytic OER performances of (FexNi1-x)2P/NF have been tested in 0.1M 
Kpi as well, along with RuO2/NF and Ni foam as comparison. Similar to alkaline OER 
performances, the polarization curves in Figure 2.4a show that the increase of Fe incorporation 
enhances the OER activities of Fe-Ni phosphides but suppresses the electrochemical oxidation 
reaction of Ni.44 Overall, (FexNi1-x)2P/NF electrodes exhibit much higher OER activities than 
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that of RuO2/NF. Particularly, (Fe0.5Ni0.5)2P/NF electrode exhibits exceptionally outstanding 
OER performance over other electrodes and only need extremely low overpotential of 396 mV 
to deliver a current density of 10 mA/cm2. The overpotential is superior to the behaviors of 
recently reported high-performance neutral catalysts, including Co-Pi/Ti (η10 mA/cm
2
 = 450 
mV),19 a-Co2P nanoparticles (η1 mA/cm
2 = 400 mV),20 and Co-Bi NS/G (η14.4 mA/cm
2
 = 570 mV).
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Figure 2.4b shows the Tafel plots of various catalysts. Tafel slope of 182 mV/dec for 
(Fe0.5Ni0.5)2P/NF is much lower than that of other electrodes, indicating its higher catalytic 
kinetics for OER. 
The electrode kinetics was further examined by electrochemical impedance 
spectroscopy (EIS). Nyquist plots (Figure 2.4c) show a tremendously decreased semicircle at 
low frequencies after the introduction of Fe into Ni2P, and (Fe0.5Ni0.5)2P/NF exhibits the 
smallest semicircle indicating the lowest charge-transfer resistance at the catalyst/electrolyte 
interface and higher reaction kinetics.45 
Stability of the nanostructured electrocatalyst is of great significance for optimizing the 
electrochemical performances. The (Fe0.5Ni0.5)2P/NF electrode was further evaluated via a 
fatigue test using chronopotentiometry and CV cycling under alkaline and neutral conditions, 
respectively. As shown in Figure S2.5a, no obvious electrocatalytic activity decline has been 
observed after 24 h of measurement at the current density of 50 mA/cm2 in 1M KOH. After 
1000 scanning cycles, the polarization curves show no significant decay in current density 
(Figure 2.4d). The morphology of the (Fe0.5Ni0.5)2P still remains as nanosheet arrays after the 
durability measurements (Figure S2.5b), which demonstrated that the 2D nanosheet structure 




Figure 2.5 Post-OER characterization for Fe-Ni phosphide. EDX mapping for (a) Ni, (b) Fe, 
and (c) P. (d) HAADF-STEM image of the post-OER material. FFT images for (e) Fe-Ni 
phosphide and (f) amorphous layer formed on the surface after OER. Zone Axis (Z. A.): [001]. 
 
Besides the post-test structural characterization, its chemical composition was also 
studied after the OER test. A thin amorphous layer can be observed on the surface of Fe-Ni 
phosphide nanosheet with a thickness of about 10 nm (Figure 2.5). The HAADF-STEM image 
and EDX mapping suggest the major phase remain as Fe-Ni phosphide (Figure 2.5e), while no 
P was detected in the surface layer due to leaching during OER process (Figure 2.5c). Detailed 
XPS analysis after OER further (Figure S2.6) reveal the disappearance of binding energies of 
P and the existence of OH- (531.7 eV). These characterizations indicate the surface thin layer 
is dominated by Fe-Ni hydroxide, which is the active form of the OER electrocatalyst. Besides, 
these characterizations provide strong evidence for the Ni redox process during the OER 
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processes. Similar phenomenon has been reported in NixFe1-xSe, where the Ni-Fe hydroxide 
converted from its diselenide was observed after the OER catalysis in alkaline media.17 More 
interestingly, the Fe-Ni phosphide-derived hybrid exhibits better catalytic activity for OER than 
the directly synthesized Fe-Ni hydroxide (Figure S2.7), which needs a significant higher 
overpotential of about 220 mV to reach the current density of 10 mA/cm2 in alkaline solution. 
The high OER activity of Fe-Ni phosphide derived core-shell hybrid might be due to the 
formation of hetero-structure interface between the derived Fe-Ni hydroxide and Fe-Ni 
phosphide. This heterointerface may create more opportunities in tuning the surface electronic 
states and its interactions with reaction intermediates, thereby forming more active catalyst. 
Similar phenomenon was reported on Fe@FeP hetero-structures, which exhibits advanced 
electrocatalytic activities for water electrolysis.46 Besides, the outstanding OER performances 
of the core/shell hybrid can be partially ascribed to another possible reason that the formation 
of surface amorphous FeNi hydroxide promotes the exposure of active sites for OER due to the 
break of metallic bonds.20 We also characterized the chemical composition of post-OER FeNi-
P in neutral media using XPS. However, the binding energy of PO4
3+ (134.2 eV) was observed 
from Figure S2.8c, indicating the formation of FeNi phosphate on the FeNi-P surface. Similar 
transformation was reported on CoP-derived Co phoaphate.19 These interesting results provide 
the possibilities on the fabrication of high-active transition metal-based hydroxide/phosphate 
electrocatalysts for OER with the corresponding phosphide as template precursors. 
2.5   Conclusions 
In summary, the excellent catalytic performances of Fe-Ni phosphide can be explained 
by the following reasons: (1) the doping effect of Fe should be the main reason. The activity of 
available active surface sites could be effectively tuned by the optimized Fe incorporation, 
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which not only modifies the electronic structures of themselves and coordination environment 
of active atoms but also increases the transfer rate of electron by decreasing the kinetic barrier. 
The shifts of XPS binding energy aroused by Fe introduction lead to the enhanced ability of 
charge transfer and the shift of the d-band center relative to Fermi level. At the same time, the 
density of states near the Fermi level should increase because of the disordered porous 
nanosheet arrays on the Ni foam, which promotes fast electron transport along the 3D 
conducting channels and hence accelerates the sluggish kinetics. Finally, the Fe-incorporation 
suppressed the Ni oxidization, which is a kinetic competitor to the Ni reduction step during O2 
release. (2) The in-situ formation of hetero-structure interface in the Fe-Ni phosphide derived 
core-shell hybrids. This hetero interface may create more opportunities in tuning the surface 
electronic states and its interactions with reaction intermediates, thereby forming more active 
catalyst. (3) The porous nanosheet arrays and highly opened 3D hierarchical structures enables 
better mass transport and faster ion permeation, facilitating the dissociation of water and gas 
release. (4) The direct integration of Fe-Ni phosphide onto Ni foam enables good mechanical 
adhesion and electric connection even without using binder. The use of binder would reduce 




2.6   Supporting Information 
 
Figure S 2.1 SEM and EDX mapping for  (Fe0.5Ni0.5)2P film on nickel foam. (a) Self-supported 
(Fe0.5Ni0.5)2P film on nickel foam. (b, c) SEM images of (Fe0.5Ni0.5)2-precursor on nickel foam 
and (d) the EDX elemental mapping of Ni, Fe, and P. 
 
 
Figure S 2.2 High-angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) image of (Fe0.5Ni0.5)2P. Abundant mesopores can be observed on the 
nanosheet surface. The phosphide fragment was peeled off from nickel foam under the 




Figure S 2.3 XPS spectra of Ni2P and (FexNi1-x)2P for Ni 2p3/2 and P 2p3/2 regions. The Ni 2p3/2 
binding energy exhibit positive shifts and P 2p3/2 binding energy show negative shift following 
the increase of Fe introduction. Moreover, the Ni 2p3/2 and P 2p3/2 binding energies of 





The active surface area of each catalyst can be measured from the double layer 
capacitance (Cdl) in a non-faradic region using a simple cyclic voltammetry (CV) method. The 
double layer current (i) is equal to the product of the scan rate (v) and CdL (I = vCdl), which is 
expected to be linearly proportional to the active surface area of electrode. By plotting the 
capacitive currents (ΔJ, Janodic – Jcathodic) vs. v, the Cdl can be estimated as half of the slope. The 
current density difference between anodes and cathodes were obtained at the potential of 0.20 
V vs. RHE. Figure S2.4 is an example of (Fe0.3Ni0.7)2P/NF. 
 
Figure S 2.4 ECSA measurements. (a) Cyclic voltammograms for (Fe0.3Ni0.7)2P/NF in the non-
Faradaic capacitance current range at scan rates of 10 (black curve), 20 (red curve), 40 (blue 
curve), 60 (dark yellow curve), and 80 (wine curve) mV s-1. (b) The current density difference 
at 0.2 V vs RHE plotted as a function of scan rate fitted to a linear regression. 
 
 
Figure S 2.5 Chronopotentiometric measurement in 1M KOH for (Fe0.5Ni0.5)2P/NF. 
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Figure S 2.7 LSV polarization curve of FeNi-OH precursor/NF and post-cycling FeNiP/NF for 
OER in alkaline electrolyte. The LDH needs an overpotential of about 220 mV to drive a current 
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3.1   Abstract 
Oxygen evolution reaction (OER) is a key process in water splitting systems, fuel cells, 
and metal-air batteries, but the development of highly active and robust OER catalyst by simple 
methods is a great challenge. Here, we report an in situ dynamic surface self-reconstruction that 
can dramatically improve the catalytic activity of electrocatalysts. The fluoride (F-)-
incorporated NiFe hydroxide (NiFe-OH-F) nanosheets array was initially grown on Ni foam by 
a one-step hydrothermal method, which requires a 243 mV overpotential (η) to achieve 10 mA 
cm-2 current density (j) with a Tafel slope of 42.9 mV dec-1 in alkaline madia. After the surface 
self-reconstruction induced by fluoride leaching under OER conditions, the surface original 
NiFe-OH-F was converted into highly mesoporous and amorphous NiFe oxide hierarchical 
structure and the OER activity increases over 58 folds at η = 220 mV. The corresponding η at 
10 mA cm-2 decreases to 176 mV with an extreme low Tafel slope of 22.6 mV dec-1, this 
performance is superior to the state-of-the-art OER electrocatalysts.  
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3.2   Introduction 
High-performance electrocatalysts play vital roles in many energy conversion and 
storage systems. Currently used catalysts for oxygen evolution reaction (OER) — an reaction 
central to water splitting technologies,1,2 fuel cells,3 and metal-air batteries3,4 — are typically 
the high-cost and scarce noble-metal oxides (RuO2/IrO2). Moreover, large overpotentials (η) to 
drive the reaction decrease the energy conversion efficiency and impede the practical 
application of devices. Enormous efforts have therefore been devoted to developing alternative 
OER catalysts based on the first-row transition metals.5,6 
Among the numerous reported non-noble compounds, NiFeOxHy exhibits extraordinary 
inherent catalytic activity for OER and has been regarded as the most active non-noble OER 
catalyst in alkaline conditions, but the η is still large and  cannot satisfy the practical 
applications.7–10 To improve the activity, Xu et al. reported exfoliating NiFe layered double 
hydroxide into single layer nanosheets.11 The exfoliated Ni-Fe hydroxide nanosheets were 
further integrated with defective graphene by Jia et al., which delivers a 10 mA cm-2 at η = 210 
mV in 1M KOH.12 In 2017, NiFe hydroxide nanosheets were grown on copper nanowires by a 
multiple-step method and broken the milestone overpotential of 200 mV in 1M KOH (η10 mA cm
-
2 = 199 mV).13 To further improve the OER performances of NiFeOxHy, anions (-Se, -S, -N, -
B and -P) and defects (cation/anion vacancies) have been introduced into it and a series of 
progresses have been achieved in recent few years.5,6,22,23,14–21 Despite the reported high 
efficiency, the synthesis routes of the above methods are complex, hazardous, and 
environmentally-unfriendly with low yields.20,24,25 This prompted us to explore safer and more 
scalable methods to synthesize efficient NiFe-based OER electrocatalysts.  
Hydrothermal growth is a facile method for the fabrication of NiFe hydroxide and 
ammonia fluorine (NH4F) is frequently used as a precursor.
18,22,26–29 Existing studies ascribe the 
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main function of the NH4F to the anion fluoride (F
-) for its ability to enhance the mechanical 
adhesion between the hydroxide and the substrate.26,27 A recent study by our group has 
discovered that F- has been introduced into the hydrothermally grown NiFe hydroxide and has 
significantly influenced its catalytic activity for the hydrogen evolution reaction (HER).30 It is 
to our surprise that few efforts have been devoted to investigating the effects of F- on the OER 
catalysts so far, although this investigation is much needed considering that the introduction of 
other anions (-Se, -S, -N, -B and -P) have shown to greatly enhance the OER activity of 
NiFeOxHy. 
Herein, we fabricated the fluoride incorporated NiFe hydroxide nanosheets on three-
dimensional (3D) nickel foam (NiFe-OH-F) by a one-step hydrothermal method and reported a 
phenomenon that the fluoride in NiFe hydroxide can leach out under OER conditions and then 
induce chemical evolution and in situ surface self-reconstruction. After the electrochemical 
tuning under OER conditions, significant amount of the fluoride was removed from NiFe-OH-
F and the original surface layer was transformed into mesoporous and amorphous NiFe oxide 
layer. The OER activity of the surface reconstructed NiFe-OH-F (denoted as NiFe-OH-F-SR) 
electrode was improved by ~ 58 folds compared to the original NiFe-OH-F nanosheet arrays. 
This work provides a simple and scalable strategy for the synthesis of highly active nano-
electrocatalysts, by in situ surface self-reconstruction, which are difficult to gain access to by 
conventional synthesis routes. 
3.3   Experimental Methods 
3.3.1   Materials and Chemicals 
Nickel foam (thickness: 1.6 mm; bulk density: 0.45 g cm-3), ammonia fluoride (NH4F), 
urea, Nafion (20 wt. %), and RuO2 powder were provided by Sigma Aldrich. Ni(NO3)2·6H2O, 
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Fe(NO3)3·9H2O, HCl, and KOH were purchased from Fisher Scientific. The water used through 
this work was purified by Milli-Q system with a resistivity > 18 MΩ cm. 
3.3.2   Materials Synthesis 
Ni foams (2 cm × 3 cm) were cleaned under sonication in 6 M HCl, ethanol, and Milli-
Q water for 10 min, respectively. Both NiFe-OH-F and NiFe-OH were prepared through a one-
step hydrothermal method. Typically, for NiFe-OH-F, 4 mmol NH4F, 10 mmol urea, and 2.8 
mmol total amount of Ni(NO3)2·6H2O, and 1.2 mmol Fe(NO3)3·9H2O were dissolved in 40 mL 
water. The as-obtained solution together with one piece of cleaned nickel foam (2 × 3 cm) were 
then sealed in a 50 mL Teflon-lined stainless-steel autoclave and heated at 120 ℃ in electric 
oven for 6 h with a ramping rate of 3 ℃ min-1. After being washed thoroughly with water and 
absolute ethanol, the as-prepared nickel foam coated with NiFe-OH-F layer was dried in 
vacuum oven at 60 ℃ for 6 h. NiFe-OH electrode was synthesized according to the same 
procedures without adding NH4F during the hydrothermal process. The electrodes with 0.25, 2, 
and 3-fold NH4F were synthesized according to the same procedures by adjusting the fluoride 
amount in NiFe-OH-F to 0.25, 2, and 3 folds of that respectively. NiFe-OH-Cl was synthesized 
by the same method described above excepting substuting the Ni(NO3)2·6H2O and 
Fe(NO3)3·9H2O by NiCl2·6H2O and FeCl3·6H2O. To prepare cobalt hydroxyl fluoride on nickel 
foam, 10 mmol urea, 4 mmol NH4F, and 4 mmol CoCl2·6H2O were dissolved in 40 mL water. 
The solution was then transferred into a 50 mL Teflon-lined stainless-steel autoclave. The 
cleaned nickel foam (2 cm × 3 cm) was immersed in the solution, sealed, and kept at 120 °C 
for 6 h for hydrothermal growth. After that the cobalt hydroxyl sample was washed by water 
and ethanol under sonication, and then dried in vacuum oven at 60 ℃ for 6 h. 
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3.3.3   Materials Characterization 
XRD patterns were recorded on a Siemens D 500 X-ray diffractormeter using Cu Kα 
radiation. Morphology and structure were examined by FEI Quanta 250 field-emission 
scanning electron microscopy (FE-SEM) and a FEI Titan Themis 300 Cubed probe aberration 
corrected high-angle-annular-dark-field scanning transmission electron microscopy (HAADF-
STEM). Energy-dispersive X-ray (EDX) mapping images were taken under a scanning TEM 
model. Samples for STEM were prepared by drop-drying their diluted ethanol suspensions onto 
carbon-coated copper grids. The compositions were analyzed by an X-ray photoelectron 
spectroscopy (XPS, AMICUS ESCA 3400). N2 adsorption-desorption measurements were 
carried out on a Micromeritics 3Flex 4.02 adsorption analyzer. Before the measurements, the 
samples were degassed at 120 ℃ under vacuum for overnight. The average pore size 
distribution was calculated by the Barrett-Joyner-Halenda (BJH) method from the desorption 
branches of the isotherms. ICP-MS (ICP-MS XSERIES 2, Thermo Fisher Scientific) was used 
for detecting the concentrations of Fe and Ni. 
3.3.4   Electrochemical Tests 
Electrochemical characterizations including cyclic voltammetry (CV), linear scan 
voltammetry (LSV), and chronopotentiometry were carried out on a Gamry Reference 1000 
potentiostat using a typical three-electrode system. An argon-saturated 1M KOH solution was 
used as electrolyte, and an Hg/HgO (1M NaOH) electrode and Pt wire were used as reference 
and counter electrodes, respectively. The reference was carefully calibrated respect to reversible 
hydrogen electrode (RHE) according to the reported method (see details in the Figure S3.1). 
All the electrochemical data were recorded without applying iR-compensation. The current 
density of electrode was calculated based on the widely used geometry area. RuO2 ink was 
prepared by dispersing RuO2 powder in the mixture solution of 950 µL ethanol and 50 µL 
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Nafion. Then the as-prepared ink was coated onto bare nickel foam with the loading mass of 
about 2.6 mg cm-2 (the same with NiFe-OH-F-SR) and dried in vacuum oven at 60 ℃. Nyquist 
plots were conducted in a frequency range from 2 × 104 Hz to 0.1 Hz at a potential of 1.55 V 
vs RHE. 
3.4   Results and Discussion 
 
Figure 3.1 Characterizations for NiFe-OH-F nanosheets. (a) SEM image of NiFe-OH-F 
nanosheets grown on nickel foam. (b) Magnified SEM image and (c) high-resolution HAADF-
STEM image. (d) Lattice spacing and the corresponding FFT images. 
 
We initially synthesized the fluoride-incorporated nickel iron hydroxide (NiFe-OH-F) 
nanosheet arrays on 3D Ni foam by a hydrothermal method to characterize its structure and 
morphology. SEM images in Figure 3.1a and b show the layer is composed of an array of 
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vertically grown nanosheets with smooth surface. The smooth surface of NiFe-OH-F 
nanosheets was further confirmed by the high resolution high-angle-annular-dark-field 
scanning transmission electron microscopy (HAADF-STEM) image in Figure 3.1c. Note that 
the few pores in the red rectangle in Figure 3.1c are caused by the high-voltage electron beam 
during STEM characterization. The lattice spacing of 0.27 nm and Fast Fourier transformation 
(FFT) image in Figure 1d index to the (101) facet of NiFe hydroxide.30 
To preliminarily investigate the OER performance and stability of NiFe-OH-F, a typical 
cyclic voltammetry (CV) cycling was carried out in 1M KOH medium at a scan rate of 5 mV 
s-1 without iR-compensation. Unexpectedly, the OER current and the areas of Ni oxidation 
(Ni(OH)2/NiOOH) peak increase gradually following the cycling in the first 50 cycles (Figure 
3.2a). To exclude the interference of Ni foam substrate, we then cycled the bare Ni foam for 50 
cycles under the same conditions and did not found significant OER current in this potential 
range (Figure S3.2). As NiFe-OH is a well-known stable OER electrocatalyst under alkaline 
condition,9,13,31–33 the phenomenon here on NiFe-OH-F is interesting and needs to be further 
investigated. Thus, the electrode was furtherly cycled at the same conditions until the OER 
current became stable. As shown in Figure 3.2b, the OER current increases rapidly before the 
150th cycle and stabilizes after 400 cycles. Compared to the current density at the 1st cycle, the 
OER current densities at the 50th cycle (18.9 mA cm-2), 100th cycle (48.3 mA cm-2), and 500th 
cycle (76.8 mA cm-2) were increased by about 14, 36, and 58 folds, respectively, at η = 220 
mV. More interestingly, dramatic increases in the Ni oxidation peak area can be observed from 
Figure 3.2b as well as the significant negative shifts in the onset potential. The oxidation peak 
area can be integrated and assigned to the total charge transfer to determine the extent of the 
Ni(OH)2/NiOOH transformation. This result indicates that the Ni(OH)2/NiOOH transformation 
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was dramatically increased for the post-cycling NiFe-OH-F. The resultant NiOOH phase after 
Ni(OH)2/NiOOH oxidation is believed to be crucial to the active sites of NiFe hydroxide for 
OER (Figure 3.2a and b).34–36 In Figure 3.2b, the oxidation peak of Ni(OH)2/NiOOH shifts 
significantly towards higher potential in the CV cycling, indicating that the  CV cycling alters 
the oxidation properties of Ni (i.e. the average valence of Ni)  and then lead to a concurrent 
increase of catalysis activity of Ni cations toward the OER.36 
 
Figure 3.2 Electrochemical tuning and OER durability. (a) The first 50 CV cycles and (b) the 
entire 500 CV cycles for NiFe-OH-F. (c) Durability test of the post-cycling NiFe-OH-F 
electrode at j = 50 mA cm-2 for over 165 h in a new electrolyte (1M KOH). 
 
The stability of the post-cycling NiFe-OH-F was tested and is shown in Figure 3.2c. In 
1M KOH, the potential required to deliver a current density of 50 mA cm-2 is ~ 1.43 V vs RHE, 
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and stabilizes around this value for over 165 h, with very small potential fluctuations (< 10 
mV). After the long-term stability test, ICP-MS was used to measure the corresponding 
electrolyte as well. As shown in Table S3.1, no Fe element was detected in the electrolyte and 
the amount of Ni element is negligible. The stabilized OER performance and the excellent 
stability demonstrated by the post-cycling NiFe-OH-F outperformed most recently reported 
OER electrocatalysts (see Table S3.2). 
To investigate the changes happened in the post-cycling NiFe-OH-F nanosheets, the 
material’s morphology was firstly characterized by SEM and HAADF-STEM. As shown in 
Figure 3.3a-e, the post-cycling electrode maintains the overall nanosheets morphology of NiFe-
OH-F but its surface becomes rough in nanoscale. The HAADF-STEM images in Figure 3.3b-
d further revealed the highly porous and sponge-like morphology of the post-cycling NiFe-OH-
F nanosheet. The high-resolution HAADF-STEM images in Figure 3.3d and the corresponding 
FFT image suggest that the crystalline NiFe hydroxide was transformed into amorphous after 
surface reconstruction that occurred in the electrochemical tuning process. This NiFe-OH-F 
derived material NiFe-OH-F-SR (we use “SR” to designate the surface reconstruction from here 
on) was further characterized. 
Energy Dispersive X-ray (EDX) elemental mapping and spectrum were employed to 
examine the composition before and after surface reconstruction. After transforming from 
NiFe-OH-F to NiFe-OH-F-SR, the elements of Ni, Fe, and O remained homogeneously 
distributed, however significant amount of fluoride was removed (Figure 3.3e). Note that part 
of the red spots in the mapping images of fluoride might be originated from Fe because their 
energy positions are very close (F Kα: 0.677 KeV, Fe Lα: 0.705 eV). Based on the EDX 
spectrum analysis (Figure 3.3f), the fluoride content decreased from 15.5 a.t.% in NiFe-OH-F 
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to 0.57 a.t.% in NiFe-OH-F-SR, and the Ni/Fe ratio in NiFe-OH-F (27.7/11.2 ≈ 2.47) is 
consistent with that in NiFe-OH-F-SR (34.1/13.5 ≈ 2.52). As the fluoride cannot be detected by 
ICP-MS, the compositional change was further confirmed by the sensitive X-ray photoelectron 
spectroscopy (XPS) spectra. On the basis of the XPS spectra, the atomic ratio of Ni/Fe/F in 
NiFe-OH-F is about 1.80/0.73/1.0 (the ratio was normalized by F-), in agreement with the above 
EDX results. The F 1s peak vanished (Figure 3.3g) while some other peak appeared in O1s 
spectra (Figure 3.3i) of NiFe-OH-F-SR.37 The disappearance of fluoride illustrates that the in 
situ surface reconstruction during electrochemical tuning might be induced by fluoride 
leaching. The peaks of Ni 2p3/2 were located at 856.4 eV and 862.0 eV (satellite), attributed to 
Ni (II)-OH.9,19,38 The small peak at about 853.4 eV appeared in Ni 2p3/2 can be assigned to 
metallic Ni0 from Ni foam substrate.17 Compared to the main peak of –OH (530.6 eV) in NiFe-
OH-F, the emergence of the peak at 527.8 eV is corresponding to metal oxide (NiFeOx) in NiFe-
OH-F-SR.23 The derived NiFeOx can be assigned to the chemical evolution that was aroused 
by fluoride leaching in NiFe-OH-F. The vanishing of fluoride was further confirmed by the 
XPS survey spectra in Figure S3.3a. XPS spectra of Fe 2p (Figure S3.3b) did not showed 
apparent change before and after the electrochemical tuning.  
Moreover, X-ray diffraction (XRD) was carried out to further reveal the evolution 
process. As shown in Figure 3.3j, the incorporation of fluoride does not affect the hydroxide 
nature of NiFe-OH-F: the peaks locate at 11.8°, 23.6°, 33.7°, 34.5°, 38.9°, 46.9°, 59.8°, 61.4° 
are well indexed to the facets of (003), (006), (101), (012), (015), (018), (110), (113) of NiFe 
hydroxide,28,29 respectively. The (101) facet in XRD pattern is consistent with the observed 
lattice spacing in the high resolution HAADF-STEM image of NiFe-OH-F (Figure 3.1d). The 
three major peaks at 44.7°, 52°, and 76.5° are originated from the bottom Ni foam substrate. 
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However, the NiFe-OH-F-SR shows much weaker crystalline features, consistent with the 
observed amorphous surface by STEM (Figure 3.3d). We also synthesized NiFe-OH-Cl and 
Co-OH-F on Ni foams by the similar hydrothermal method and cycled them in 1M KOH, but 
no significant improvements of the OER performance were observed (Figure S3.4). Based on 
the above analysis, we can safely conclude that the surface crystalline NiFe-OH-F has been 
converted into amorphous oxide. The HAADF-STEM image of the post-cycling NiFe-OH-F-
SR shown in Figure S3.5 further confirms its core-shell structure, with the thickness of the 
surface amorphous layer measured as ~35 nm.  
It is difficult to completely convert the as-synthesized NiFe-OH-F into the amorphous 
and sponge-like structure due to the electrical or diffusional limitations. These limitations 
generally depend on the electrical conductivity, porosity, thickness etc. of the electrocatalyst.39 
It is important to note that owing to its weak mechanical stability, a completely converted 
sponge-like nanostructure is less desirable than the as-obtained core-shell nanostructure. 
Moreover, the interface effect between original NiFe-OH-F core and the reconstructed layer 
can be excluded from the reasons that responsible for the high activity because the hetero-
interface was formed in the 1st CV cycle and existed in the whole increase process of OER 
activity (Figure 3.2a and b). The NiFe-OH-F-SR nanosheets therefore demonstrate lower 
degree of crystallinity, different chemical composition, and more porous characteristics than 
NiFe-OH-F, indicating that the in situ dynamic surface self-reconstruction induced by fluoride 




As the ratio of metal cation to fluoride may influence the catalytic performance and 
various ratios were reported for hydrothermally synthesized metal hydroxides 
nanostructures,19,28,40–42 the influence of different NH4F amounts on the OER performances of 
surface-reconstructed NiFe hydroxide needs to be studied. Note that no NH4
+ or N element was 
included in the hydrothermal product of NiFe-OH-F. We initially reduced the amount of 
Figure 3.3 Characterizations of NiFe-OH-F-SR and NiFe-OH-F. (a) SEM images and (b-d) 
HAADF-STEM images of NiFe-OH-F-SR; Insets in (a) and (d) are the side-view of NiFe-
OH-F-SR layer and the FFT image, respectively. (e) Elemental mapping images and (f) 
EDX spectra. The scale bars in the HAADF-STEM images of NiFe-OH-F-SR and NiFe-
OH-F in (e) are 400 nm and 100 nm, respectively. (g-i) High resolution XPS spectra of F 
1s, Ni 2p, and O 1s. (j) XRD patterns showing weaker peaks in NiFe-OH-F-SR compared 
to NiFe-OH-F. 
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fluoride to 25% of that in the above NiFe-OH-F without altering the total amount of metal 
cations and then recorded the corresponding electrode’s OER plots after 500 CV cycles (see 
details from the experimental methods). As shown in Figure S3.6, the OER activity and onset 
potential of the 25% × fluoride electrode is slightly lower than the NiFe-OH-F-SR electrode (1 
× fluoride). We then increased the amount of NH4F to 2 and 3 folds, respectively, and found 
that the OER activities of the 2 × fluoride and 3 × fluoride electrodes are much lower than NiFe-
OH-F-SR even after 500 CV cycles (Figure S3.6).  
To further confirm the effects of fluoride in the electrochemical surface reconstruction, 
we synthesized NiFe hydroxide (NiFe-OH) nanosheets on Ni foam without incorporating 
fluoride and conducted the electrochemical test under the same conditions. Figure S3.7a reveals 
that the morphology of NiFe-OH layer is similar with NiFe-OH-F. We performed the same CV 
cycling with NiFe-OH electrode but observed very different results than that on NiFe-OH-F. 
As shown in the Figure S3.7b, the oxidative peak gradually increased only in the first 8 cycles 
and then started decreasing from the 9th cycles until the peak was unnoticeable. This decrease 
is consistent with the reported phenomenon in Ni(Fe)OOH.43 Moreover, the overall OER 
current density is relatively stable during the whole cycling process. Its OER current density at 
η = 220 mV (~ 7.4 mA cm-2) is much lower than NiFe-OH-F-SR (76.8 mA cm-2), despite the 
as-synthesized NiFe-OH shows a slightly better OER performance than that of the as-
synthesized NiFe-OH-F. We then measured the electrochemical impedance spectroscopy (EIS) 
of NiFe-OH and NiFe-OH-F electrodes at the potential of 1.55 V vs RHE, respectively. The 
Nyquist plot of NiFe-OH shows a slightly smaller semicircle in the low-frequency region 
compared to NiFe-OH-F (Figure S3.7c), revealing that the NiFe-OH electrode has lower charge 
transfer resistance during the OER process. Compared to the NiFe-OH-F electrode, the slightly 
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higher performance of the as-synthesized NiFe-OH might be originated from the higher charger 
transfer ability. Finally, the XRD measurements were conducted, the typical peak intensity 
difference between the as-synthesized NiFe-OH and post-cycling NiFe-OH are negligible 
(Figure S3.7d). The OER performance and good stability of NiFe-OH are consistent with 
previous reports.7,31,33 The significant differences in the post-cycling NiFe-OH and post-cycling 
NiFe-OH-F (NiFe-OH-F-SR) demonstrates the crucial role of fluoride in surface self-
reconstruction.  
The electrocatalytic activities of NiFe-OH-F-SR, NiFe-OH-F, RuO2, and Ni foam 
towards OER in 1M KOH electrolyte were measured and compared. As shown in Figure 4.4a, 
NiFe-OH-F-SR is the best catalyst, giving much higher catalytic current density at the same 
overpotential. To reach the OER current density of 10 mA cm-2, NiFe-OH-F-SR required an 
extremely low overpotential of 181 mV (calculated from CV), which was 62, 89, and 148 mV 
less than that of NiFe-OH-F, RuO2, and Ni foam, respectively (Figure 4.4b). At the current 
density of 100 mA cm-2, a low overpotential of 228 mV was needed by NiFe-OH-F-SR 
electrode. A slightly lower overpotential of ~ 176 mV at 10 mA cm-2 was measured by a 
constant current method. By plotting η against log (j), the kinetic parameter (Tafel slope) of 
OER by the four catalysts were calculated (Figure 3.4c). The NiFe-OH-F-SR has the lowest 
Tafel slope of 22.6 mV dec-1 compared to the other catalysts (42.9 ~ 164.1 mV dec-1). In fact, 
as shown in Figure 3.4d (see details in Table S3.2), both the overpotential and Tafel slope of 
NiFe-OH-F-SR catalyst are superior than the reported state-of-the-art OER electrocatalysts up 




Figure 3.4 Electrochemical characterizations and Brunauer–Emmett–Teller tests. (a) CV/LSV 
plots; (b) η required for j = 10 mA cm-2; and (c) Tafel slopes of NiFe-OH-F-SR, NiFe-OH-F, 
RuO2, and Ni foam. (d) Comparison with state-of-the-art OER electrocatalysts. (e) EIS curves 




To gain more insights into the OER reaction kinetics, EIS tests were performed as well. 
The Nyquist plot of NiFe-OH-F-SR shows a much smaller semicircle in the low-frequency 
region compared to NiFe-OH-F (Figure 3.4e), revealing that the dynamic surface self-
reconstruction lowered the charge transfer resistance during the OER process. The intercept of 
the Nyquist plot with the real axis (- Z’) in the high-frequency region represents the ohmic 
resistance (RΩ), which is the sum of the electrode and solution resistances. We can observe that 
the RΩ of NiFe-OH-F-SR electrode is smaller than that of NiFe-OH-F, revealing that the NiFe-
OH-F-SR electrode has higher electrical conductivity than NiFe-OH-F.13 To exclude the effect 
from Ni foam substrate, we also tested its EIS plots before and after the CV cycling at 1.5 and 
1.6 VRHE, respectively, but did not observe significant differences, as shown in Figure S3.8. 
This result suggests that the increased electrical conductivity in NiFe-OH-F-SR electrode is 
aroused by the reconstructed surface layer rather than Ni foam substrate. The surface 
amorphous layer plays an important role in improving the conductivity of the NiFe-OH-F-SR 
as compared to the crystalline NiFe-OH-F. This is because the amorphous phase is defect-rich 
and the high defect concentration has been shown to greatly enhance the electrical conductivity 
of metal hydroxides.43-45 In summary, we can conclude that the surface self-reconstruction 
enhances charge transfer during OER and the electrical conductivity of NiFe-OH-F-SR. The 
efficient OER activity of NiFe-OH-F-SR can be partially ascribed to these benefits. 
We then compared the electrochemical surface area (ECSA) by estimating the double 
layer capacitance (Cdl) of the electrodes (see details from the supporting information) owing to 
the exposed surface sites to electrolyte can reflect the real surface area.19,23,25 As shown in 
Figure S3.9, NiFe-OH-F shows a slightly lower ECSA (0.18 mF cm-2) than bare Ni foam (0.25 
mF cm-2). The reason for this behavior is that the NiFe-OH-F layer has low conductivity in the 
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potential range we measured, and then the good permeability of the NiFe-OH-F layer enables 
the direct polarization of ions in the electrolyte against the Ni foam substrate.46 After the surface 
self-reconstruction, the measured ECSA of NiFe-OH-F-SR was improved to 0.85 mF cm-2 that 
can be ascribed to the enhanced conductivity. To further clarify the effects of surface area, we 
tested the Brunauer-Emmett-Teller (BET) surface area of NiFe-OH-F-SR and NiFe-OH-F. 
From NiFe-OH-F to NiFe-OH-F-SR, the BET surface area was improved from 207.7 m2 g-1 to 
873.1 m2 g-1 and the average pore size decreased by over 50% (Figure S3.10a and Figure 3.4f). 
The mesoporous feature is further demonstrated by the pore-size distribution curves of the 
NiFe-OH-F-SR, as shown in the Figure S3.10b. However, the fact that ECSA/BET surface area 
of NiFe-OH-F-SR is 4 ~ 5 times that of the NiFe-OH-F cannot be solely accountable for the 
58-fold higher catalytic activity of the former.  
As BET surface area/ECSA (Cdl) normalized activities are believed to provide 
meaningful measures for the catalytic activities,11,47-50 we then normalized the polarization 
curves of NiFe-OH-F-SR and NiFe-OH-F by their ECSA/BET surface areas even if the ECSA 
of NiFe-OH-F might be higher than the measured value. As shown in Figure S3.11, the 
normalized intrinsic activity of NiFe-OH-F-SR is at least an order of magnitude higher than 
that of NiFe-OH-F. The capacitance charge density normalized activity is another widely used 
method for comparing the intrinsic activity as well, we then normalized the OER polarization 
curves of NiFe-OH-F and NiFe-OH-F-SR by their capacitance charger densities which 
calculated from the reduction peaks (see detail from the Figure S3.12).51,52 However, the Figure 
S3.12b shows that the normalized OER activity of NiFe-OH-F is much higher than that of NiFe-
OH-F-SR. As shown in the Figure S3.13, the OER current densities increase slightly from the 
150th to 500th CV cycle but the capacitance charger densities increase significantly. Therefore, 
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we can conclude that no linear correlation exists between the capacitance charge density and 
OER activity. This result is understandable due to: (1) the reduction peak area of Ni-based 
material is not only sensitive to the surface area but also the electrical conductivity, 
composition, etc.53-57 (2) Both the Ni and Fe are thought of as the active centers in 
NiFeOxHy,
35,57-59 its active surface area could not be solely reflected by the capacitance charger 
density of Ni3+/Ni2+ peak. Despite we cannot compare the intrinsic activity by the capacitance-
charger-density normalization in NiFeOxHy, our analysis provides a reference for the selection 
of normalization method.  
Excepting the BET surface area/ECSA (Cdl) normalized activities, the onset potential is 
another important parameter in judging the intrinsic activities of catalysts because it is not easy 
to be affected only by adjusting the surface area.60-64 Thus, the improvement of intrinsic activity 
of NiFe-OH-F-SR can be reflected in the significantly reduced onset potential (> 50 mV, Figure 
3.4a) compared to NiFe-OH-F, even if we calculate the onset potential by different ways.65,66 
As the transformations in phase, composition, and structural size can significantly alter the 
intrinsic activity of catalysts,11,60 the improvement of intrinsic activity in the dynamic surface 
reconstruction process can be understood. According to above analysis, the superior 
electrocatalytic activity of NiFe-OH-F-SR can be ascribed to the increased surface area, 
desirable nanostructure, the improved charger transfer ability, and the enhanced intrinsic 
activity.  
For an electrocatalyst, the structural porosity, active sites, and electric conductivity are 
the critical factors for its catalytic performances. In the case of NiFe-OH-F-SR, there is no doubt 
that the intrinsic merits of all these factors greatly contribute to its excellent activity. The NiFe-
OH-F-SR electrode is comprised of three levels of porous structures including the supporting 
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supermacroporous nickel foam substrate (~ 300 μm), the vertically grown nanosheet arrays 
(300 ~ 500 nm), and the topmost in situ converted mesoporous network. After the in situ surface 
reconstruction, a high specific surface area of 873.1 m2 g-1 was achieved on NiFe-OH-F-SR. 
One of the major challenges of porous catalysts for electrocatalysis is that the very small pore 
size impedes the effective mass transport to the active sites and the diffusion of products, 
leading to limited electrode activity. The accumulation of product gas can block the active sites 
and then result in the structural collapse of the catalysts. Herein, the NiFe-OH-F-SR electrode 
has three levels of porosity and this hierarchical framework is beneficial for exposing catalytic 
active sites, enhancing mass transport, and accelerating dissipation of product bubbles and 
therefore assuring the high activity and durability. Besides, the conductivity and charge transfer 
ability are enhanced by the in situ surface reconstruction, as evidenced by the high kinetics and 
Nyquist plots. 
3.5   Conclusions 
In summary, using NiFe-OH-F as a representative example of transition metal 
hydroxide, we show that the fluoride leaching can trigger in situ dynamic surface self-
reconstruction and convert the original NiFe-OH-F into highly porous and amorphous metal 
oxide under OER conditions. A current density of 10 mA cm-2 is obtained at an overpotential 
of 176 mV in 1M KOH using the surface reconstructed NiFe-OH-F (NiFe-OH-F-SR) as the 
catalyst, making it one of the most active OER catalysts reported to date. This simple and 
scalable approach described here might be applicable for the synthesis of other amorphous 
metal oxide-based nanomaterials and provide a strategy to create highly active OER catalyst to 
enable the development of efficient water splitting systems, fuel cells, rechargeable metal-air 
batteries, and other energy conversion and storage devices. 
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3.6   Supporting Information 
 
 
Figure S 3.1 Reference electrode calibration. We used Hg/HgO (1M NaOH) as the reference 
electrode in all measurements, which has been calibrated with respect to reversible hydrogen 
electrode (RHE) before starting the electrochemical tests. The calibration process was 
performed in the high purity hydrogen saturated 1M KOH with a Pt wire as the working 
electrode. CVs were run at a scan rate of 5 mV s-1, and the midpoint potential of the two 
potentials at which the current equal to 0 was taken to be the thermodynamic potential for the 
hydrogen electrode reactions. 
 





Figure S 3.2 The first 50 CV cycles of bare Ni foam under the same conditions with the NiFe-
OH-F. 
 
Method of ICP-MS test: Standard calibration curves (10, 25, 50 ,100, 250 ppb) of Fe and Ni 
with 50 ppb internal standard Rh were first measured. Fe and Ni series solution were prepared 
via dilution of commercial standard solution with 1000 mg/L concentration. 8.55 g sample 
solution was diluted to 45.31 g by 0.5 v% H2SO4. The pH was further adjusted to ~1 by adding 
H2SO4 dropwise. 
54Fe and 58Ni were analyzed with 103Rh as internal standard. During the ICP-
MS measurement, 54Fe was chosen to avoid the “40Ar + 16O” interference with 56Fe (Argon is 
the carrier gas). 
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Table S 3.1 ICP-MS results of the electrolyte after the long-term durability test at 50 mA cm-2 
for ~167 h in 1M KOH solution. The obtained concentration of Fe element is a negative value, 
indicating no significant amount of Fe was detected. Fluoride (F-) is undetectable for ICP-MS. 
The geometry area of the sample used in this test is about 2 cm2, and the volume of the 
electrolyte is 60 mL. Note: “< 0” indicates we cannot detect the existence of Fe. Part of the Ni 




Figure S 3.3 XPS survey and Fe spectrum of NiFe-OH-F and NiFe-OH-F-SR. (a) XPS survey 



















Table S 3.2 Comparison of the state-of-the-art NiFe oxides/hydroxides-based electrocatalysts 
for OER in alkaline medium (1M K/NaOH). 
Note: The performances were measured 3 times from different samples without iR-
compensation. § and # indicate the overpotentiala were recorded from the CV curves and 














181 ± 3.2§ 
22.6 ± 2.7 ~ 167 This work 
176 ± 8.3# 
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Ni foam 10 195 28 24 Nat. Commun. 2016, 7, 1. 
NiFe-OH Ni foam 
10 215 
32 10 
Nat. Commun. 2015, 6, 






Energy Environ. Sci. 
2017, 10, 1820 100 281 
Ni-Fe MOF 
NSs 





10 260 44 12 
Energy Environ. Sci. 
2017, 10, 121 
CS-NiFeCu Ni foam 10 180 33 20 






100 281 52 10 Adv. Mater. 2017, 29, 1 
NiFe-
OH/NiFeP 
Ni foam 100 ~ 245 39 24 






10 230 31.5 100 






10 250 57 < 2 
Energy Environ. Sci. 
2016, 9, 478 
FeNi-LDH Ni foam 10 224 52.8 10 Chem. Sci. 2015, 6, 6624 
FeNi LDH-
rGO 
Ni foam 50 230 39 ~ 78 
Angew. Chemie – Int. Ed. 





10 247 31 ~ 1 
J. Am. Chem. Soc. 2013, 
135, 8452 
Ni60Fe30Mn10 Ni foam 
10 ~ 205 
62 264 
Energy Environ. Sci. 
2016, 9, 540 500 360 
FeNi LDH 
Ni foam 
10 227 38 
~ 110 
J. Mater. Chem. A 2016, 
4, 14939 FeNi-O 10 213 32 
NiFe LDH Ni foam 30 280 50 10 




Figure S 3.4 1 ~ 100 CV cycles of NiFe-OH-Cl and Co-OH-F in 1M KOH. Inset image shows 




Figure S 3.5 HAADF-STEM image of the post-cycling NiFe-OH-F-SR. An amorphous layer 
with the thickness of about 35 nm was observed. As the STEM sample was peeled off from the 
nickel foam substrate and dispersed in ethanol by sonication, so the fragment might be aroused 
by the sonication. From the STEM image, we can see that the thickness of the fragment is in 
the same scale with the attached surface layer. 
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Figure S 3.6 Cyclic voltammograms (CVs) of the surface-reconstructed NiFe-OH-Fx electrodes. 
 
We set the fluoride amount in NiFe-OH-F (4 mmol NH4F precursor) as a standard (1 
time, 1 x) and adjusted the introduced fluoride amount within the range of ¼ ~ 3 folds (1 mmol 
~ 12 mmol) of that in NiFe-OH-F electrode. All the NiFe-OH-Fx electrodes were synthesized 
according to the same hydrothermal method of NiFe-OH-F by adjusting the amount of fluoride. 
The CV curves were recorded after the surface reconstruction process in terms of 500 CV cycles 
in 1M KOH until the current became steady. No element of nitrogen (-N) was detected in the 
as-synthesized NiFe-OH-F because the final corresponding product of the ammonium is NH3 
gas, it is therefore unnecessary to concern the influence of ammonium (NH4
+) in our 




Figure S 3.7 Characterization and CV cycling of NiFe-OH. (a) SEM images of NiFe-OH. (b) 
300 CV cycles between 1.1 and 1.6 V vs RHE at a scan rate of 5 mV/s. (c) Nyquist plots of 
NiFe-OH and NiFe-OH-F electrodes measured at 1.55 V vs RHE. (d) XRD patterns of NiFe-
OH and the post-cycling NiFe-OH. 
 
 
Figure S 3.8 Nyquist plots of Ni foam substrate before and after CV cycling at the potential of 
1.5 V and 1.6 V vs. RHE, respectively. 
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Figure S 3.9 ECSA measurements. Electrochemical capacitance of (a) NiFe-OH-F-SR, (c) 
NiFe-OH-F, and I Ni foam measured in the non-Faradaic potential range at scan rates of 50, 
100, 150, 200, 250, 300, 350, 400 mV s-1, respectively. (b) (d) (f) The capacitive currents (Janodic 





Figure S 3.10 BET measurements. (a) N2 adsorption-desorption isotherms and (b) pore-size 
distribution of (a) NiFe-OH-F and (b) NiFe-OH-F-SR electrodes, respectively. Note: the mass 
used here is the total mass of the whole sample including Ni foam. 
 
Supplementary method for BET surface area conversion 
Before testing the BET surface area, a mass value (g) of the sample should be typed in 
the system while we recorded the geometry area (cm-2) of the sample. The BET surface areas 
were obtained with a unit of m2 g-1. Assuming the NiFe-OH-F-SR and NiFe-OH-F samples 
have the same mass loading of 2.6 mg/cm2, we normalized these BET surface areas by their 
corresponding mass of catalyst per square centimeter sample (geometry area), i.e. 
 
𝐵𝐸𝑇 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑚2𝑔−1)×𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠 (𝑔)
𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 𝑎𝑟𝑒𝑎 (𝑐𝑚2)×𝑚𝑎𝑠𝑠 𝑙𝑜𝑎𝑑𝑖𝑛𝑔(𝑚𝑔 𝑐𝑚−2)
 
For example, 0.54 m2 cm-2 = 
𝐵𝐸𝑇 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 (𝑚2𝑔−1)×𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠 (𝑔)
𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 𝑎𝑟𝑒𝑎 (𝑐𝑚2)×𝑚𝑎𝑠𝑠 𝑙𝑜𝑎𝑑𝑖𝑛𝑔(𝑚𝑔 𝑐𝑚−2)
=
18.7 𝑚2 𝑔−1×0.029 𝑔






Figure S 3.11 Normalized LSV plots of NiFe-OH-F-SR and NiFe-OH electrodes by (a) 
electrochemical surface area (ECSA) and (b) BET surface area. 
 
 
Figure S 3.12 Redox charge density calculations. (a) Integral calculation of the charger density 
from the reduction peak.  (b) Normalized CV curves of the NiFe-OH-F and NiFe-OH-F-SR by 
the corresponding capacitance charge densities. 
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Note for Figure S 3.12: The reduction peaks were selected to calculate the charge 
density due to the oxidation peak overlaps with the OER current and cannot be accurately 
calculated. The area of the reduction peak was calculated using an integral method in “Origin 
2018” software. The reduction peak areas of NiFe-OH-F and NiFe-OH-F-SR electrodes are 
0.00486 and 0.69335 mAV cm-2, respectively. The capacitance charge density (C cm-2) = 
reduction peak area (mAV cm-2) / scan rate (mV s-1). Thus, the charge densities of NiFe-OH-F 




Figure S 3.13 CV cycles and the capacitance charge densities. (a) The 150th to 500th CV cycles 
of the electrochemical tuning of NiFe-OH-F. (b) The capacitance charge densities of the 150th, 
350th, and 500th CV cycles calculated from the reduction peak by integral method. Compared 
to the 150th cycle, the capacitance charge densities of the 350th and 500th cycles increased over 
2 and 3 times, respectively. 
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4.1   Abstract 
A versatile and straightforward room-temperature strategy is demonstrated to synthesize 
boundary defect-rich ultrathin transition metal hydroxide nanosheet-networks, by in situ 
etching cobalt metal-organic framework (Co-MOF, ZIF-L-Co). The resultant defect-rich 
ultrathin Co(OH)2 (D-U-Co(OH)2) nanoarrays is one of the most active monometal-based 
oxygen evolution catalysts up to date. Its activity is 3 ~ 4 times higher than the commercial 
RuO2 and superior to the reported exfoliated bimetallic catalysts. Co-MOF can also be grown 
on various substrates, and the chemical composition of the defect-rich 2D materials is tunable 
by changing the metal ions in the etchants. Owing to these merits of the unique synthesis route, 
our work provides an opportunity for synthesizing advanced nanomaterials that are difficult to 
get access to by conventional methods. 
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4.2   Introduction 
Ultrathin two-dimensional (2D) transition metal hydroxides (TMHs) are attracting an 
increasing amount of attention as catalysts for electrochemical oxygen evolution reaction 
(OER) — a sluggish but central reaction to water splitting,1,2 fuel cells,3 and metal-air batteries4 
— owing to the higher number of active sites and shorter diffusion length of reactants/products 
compared to thicker nanosheets.5,6 These merits grant ultrathin 2D TMHs excellent 
electrochemical activities, even surpassing the high-cost and scarce benchmark noble metal 
oxide catalysts. For example, the exfoliated single-layer nanosheets of layered double 
hydroxides (LDHs, including NiFe, NiCo, and CoCo) reported by Fang et al.,7 showed 40 ~ 54 
mV lower overpotentials (η) than the corresponding bulk counterparts at the current density (j) 
of 10 mA cm-2. Besides, Cui and Wang et al. proved that defect engineering is an effective 
method to increase the number of active sites for electrocatalysis via generating massive 
electrochemically active grain boundaries in transition metal oxides (TMOs).8,9 After 
converting TMO nanoparticles into ultra-small nanocrystals with enriched grain boundaries by 
Li+ electrochemical tuning (LiET), remarkably higher OER activities can be achieved.8 
Considering the merits of ultrathin morphology and grain boundary (GB) defect, the 2D GB-
rich ultrathin TMHs are expected to be efficient electrocatalysts toward OER. 
However, incommensurate with the high technical significance, the synthesis of 
ultrathin 2D TMHs is currently limited mainly to exfoliation and hydrothermal methods.5,7,10–
13 Exfoliation method is hazardous and requires complex procedures with low yields. Moreover, 
the exfoliated single-layer nanosheets are prone to re-stack during the required post-casting 
procedure. The hydrothermal process generally involves harsh conditions and lack of control 
over the thickness of nanosheets. Moreover, the massive boundaries are normally produced by 
the complex LiET method.8,9,14 Despite the grain boundary-rich ultrathin TMHs could be 
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obtained by applying LiET to exfoliated or hydrothermally-grown nanosheets, this synthetic 
route is unfeasible for large scale production. It is therefore of great significance to develop 
more efficient, simpler, and safer methods for scalable synthesis of GB-rich ultrathin 2D TMHs. 
Metal-organic frameworks (MOFs) are composed of metal nodes and organic linkers 
and have abundant atomically dispersed metal sites.15 However, few of them are used for 
electrocatalysis because of their poor electrical conductivity.16,17 The widely reported strategies 
to render MOF conductive, like pyrolysis and hybridization with secondary conductive supports, 
often sacrifice MOF’s molecular active sites.16,18 Considering the atomically dispersed metal 
atoms and the abundant pores in MOFs, the linkers can be homogeneously removed by an in 
situ etching process, leaving the metal parts to coordinate with OH- in the solution to achieve 
ultrathin TMHs.19 As the etching process occurs homogeneously through the whole MOFs, the 
nucleation sites form through the whole structure and the TMHs grow along different 
orientations. This homogenous growth process should be different from the oriented bottom-up 
growth processes.20  
We, therefore, hypothesize that without applying elevated temperature and pressure, as 
in the case of hydrothermal growth, the etching process will produce TMHs with a low degree 
of crystallinity and abundant GB defects, which will improve their OER activity. Herein, we 
developed a room-temperature strategy to fabricate hierarchically structured boundary-rich 
ultrathin Co-based hydroxide nanosheets on 3D conductive nickel foam. As shown in Figure 
4.1, the well-aligned cobalt MOF (ZIF-L-Co) nanosheets were initially grown on Ni foams and 
then following by in situ etching treatment. The resulting defect-rich ultrathin Co(OH)2 (D-U-
Co(OH)2) showed an attractive electrocatalytic activity toward OER in alkaline electrolyte. 
Besides monometallic TMHs, bimetallic nano-polycrystalline CoNi hydroxides can be obtained 
78 
by the similar synthetic route, which demonstrates the general applicability of this room-
temperature strategy for synthesizing advanced nanomaterials for energy storage and 
conversion applications.  
 
Figure 4.1 The synthetic route for Co-MOF nanoarrays and defect-rich ultrathin Co(OH)2 
nanosheet-networks on 3D Ni foam. 
 
4.3   Experimental Methods 
4.3.1   Materials and Chemicals 
 Nickel foam (thickness: 1.6 mm, bulk density: 0.45 g cm-3), commercial RuO2 powder, 
2-methylimidazole (99%), urea (98%), and cobalt chloride hexahydrate (> 97 %) were provided 
by Sigma-Aldrich. Nickel nitrate hexahydrate (99.99%), iron nitrate nonahydrate (99.99%), 
titanium mesh, carbon cloth, and potassium hydroxide (Fe < 0.001%) were purchased from 
Fisher Scientific. All chemicals used in this work are of analytical grade. The water used 
through this work was purified by Milli-Q system (resistivity > 18 MΩ cm). 
4.3.2   Synthesis of Co-MOF Nanoarrays  
An aqueous solution containing 2-methylimidazole (C4H6N2, 40 mL, 0.4 M) was added 
into the aqueous solution of CoCl2·6H2O (40 mL, 0.05 M), and then a piece of clean Ni foam 
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was immersed into the mixture solution. After reaction for 12 h without stirring, the sample was 
then taken out, washed by deionized water, and vacuum dried overnight.  
4.3.3   Synthesis D-U-Co(OH)2 and D-U-CoNi-OH Networks 
A piece of Co-MOF@Ni foam was etched by immersing into an ethanol solution (100 
mL) containing cobalt chloride hexahydrate (0.6 g) with stirring for 30 min. The obtained D-
U-Co(OH)2 sample was then taken out, washed with ethanol, and dried in air. Decreasing the 
reaction time to 10 min will result in insufficient etching. The D-U-CoNi-OH sample was 
synthesized according to a similar method with above via substituting the Co2+ in ethanol by 
Ni2+ (nickel nitrate hexahydrate, Fisher Scientific) during the etching process. 
4.3.4   Purification of 1M KOH Electrolyte 
To prepare cobalt hydroxide powder, 10 mmol urea and 4 mmol CoCl2·6H2O were 
dissolved in 40 mL water. The solution was then transferred into a 50 mL Teflon-lined stainless-
steel autoclave and kept at 120℃ for 6 h. After that the cobalt hydroxide powder was collected 
by centrifugal method and then dried in vacuum oven at 60 ℃ for 6 h. The obtained cobalt 
powder (~ 0.5 g) was dispersed in 50 mL 1M KOH electrolyte and kept for 2 days. After that 
the cobalt hydroxide was removed from the electrolyte by centrifugal method. Note that all the 
vessels were washed by hydrochloride acid before use. 
4.3.5   Electrodeposition of Cobalt Hydroxide On Ni Foam 
The cobalt hydroxide was prepared by galvanostatic electrolysis in solution of 0.02 M 
Co2+ + 0.05 M NH4NO3 at 2 mA cm
-2 at room-temperature on Ni foam and then dried at 60 °C 
for 6 h in vacuum oven to remove the excessive water. 
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4.3.6   Materials Characterization 
XRD tests were conducted using a Siemens D500 X-ray diffractometer under Cu Kα 
radiation. Morphologies were examined by a FEI Quanta 250 field-emission scanning electron 
microscopy (FE-SEM) and FEI Titan Themis 300 Cubed probe aberration corrected high-angle-
annular-dark-field scanning transmission electron microscopy (HAADF-STEM). Energy-
dispersive X-ray (EDX) mappings were taken under a scanning TEM model. Samples for 
STEM were prepared by drop-drying their diluted ethanol suspensions onto carbon-coated 
copper grids. Chemical compositions were analyzed by an X-ray photoelectron spectroscopy 
(XPS, AMICUS ESCA 3400) with Mg as excitation source. Atomic Force Microscopy (Bruker 
Dimension Icon AFM) characterization was conducted under a scanning-assisted mode. 
4.3.7   Electrochemical Measurements 
Electrochemical tests of linear scan voltammetry (LSV), cyclic voltammetry (CV), and 
chronopotentiometry were conducted on a Gamry Reference 1000 potentiostat using a three-
electrode setup in an argon-saturated 1M KOH solution. The electrolyte used through this work 
is unpurified 1M KOH solution unless otherwise noted. A calibrated Hg/HgO (1M NaOH) and 
Pt wire were used as the reference and counter electrodes, respectively. LSV were performed 
at a scan rate of 5 mV s-1 in the range of 1.61 V to 0.8 V vs. RHE. RuO2 ink was prepared by 
dispersing 10 mg commercial RuO2 powder into the mixture solution of 950 µL ethanol + 50 
µL Nafion, and then coated onto Ni foam with a mass loading of about 0.7 mg cm-2 (the same 
with D-U-Co(OH)2) and dried in vacuum oven at 60 ℃. Nyquist plots were conducted from 2 
× 104 Hz to 0.1 Hz at a potential of 1.55 V vs. RHE.  
4.3.8   Calculations of Intrinsic Activity, Turnover Frequency (TOF), and Mass Activity 
The Intrinsic activity is achieved via normalizing the polarization curve using the 





 , where j is the current density; A is the geometric area of the electrode; F is the 
Faraday constant (96485 C mol-1); n = m/M, n is the number of moles of the active materials, 
m is the mass of active material, and M is molecular weight. The total mass of active catalysts 
is used for the mass activity calculations in this work. 
4.4   Results and Discussion 
 
Figure 4.2 Characterizations of Co-MOF and MOF-derived ultrathin Co(OH)2. FESEM images 
of (a) Co-MOF nanoarrays and (b, c) MOF-derived ultrathin Co(OH)2. (d, e) HAADF-STEM 
images, (f) XRD, (g) EDX spectra, and (h-j) mapping of MOF-derived ultrathin Co(OH)2. 
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We first studied the synthesis of mono-metallic Co(OH)2 nanosheets and investigated 
the effects of ultrathin morphology and boundary defect on its electrocatalytic activity. As 
depicted in Figure 4.1, a room-temperature, solution phase method was used to synthesize well-
aligned Co-MOF nanosheets supported on three-dimensional (3D) conductive Ni foam. The 
obtained Co-MOFs were subsequently converted into defect-rich ultrathin cobalt hydroxide 
(denoted as D-U-Co(OH)2) by an in situ etching process using cobalt ethanolic solution (see 
details from the experimental section).  
The Co-MOF nanoarrays were initially characterized by field-emission scanning 
electron microscopy (FESEM) and X-ray diffraction (XRD). FESEM images in Figure 4.2a 
reveals the smooth Co-MOF nanosheets array grown on Ni foams. The crystal structure and 
crystallinity of as-synthesized Co-MOF were confirmed by XRD. The resultant XRD patterns 
(Figure S4.1) match with that of the reported ZIF-L-Co (orthorhombic, space group Cmce), 
which has two-dimensional layered structures.21 The experimental result shows a slight right 
shift compared to the simulated pattern, which could result from about 2% lattice compression 
in all dimensions. Energy-dispersive X-ray (EDX) spectroscopy mapping in Figure S4.2 
demonstrates the homogeneous distribution of Co, C, and N elements through Co-MOF without 
O and Ni elements in it. Interestingly, the purple MOF layer is not readily formed on the Ni 
foam in the first 6 hours (Figure S4.3a). However, when the bare Ni foam was first immersed 
into 2-methylimidazole aqueous solution overnight, a uniform purple layer can be observed on 
Ni foam in 6 hours (Figure S4.3b). The growth mechanism of Co-MOF in the precursor solution 
(Co2+ and 2-methylimidazole) (step 1 in Figure 4.1) is therefore believed as following: 2-
methylimidazole molecules are initially adsorbed on the Ni foam surface and then coordinate 
with Co2+ ions in the aqueous solution to form ZIF-L-Co.  
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After the in situ etching in the ethanol solution of cobalt chloride hexahydrate (pH = 6 
~ 7) for 30 min at room-temperature, the nanosheet morphology of Co-MOF was partly 
inherited while the nanosheets surface became rough (Figure 4.2b). As shown in Figure 4.2a 
and 4.2b, the lateral size of the MOF-derived nanosheets decreased significantly compared to 
the parent MOFs. These structural changes might be originated from the removal of organic 
linkers and structural reconstruction during the etching process. The zoom-in FESEM image of 
MOF-derived rough nanosheets (Figure 4.2c) shows a layer of smaller and ultrathin nanosheet 
arrays on the surface of bigger nanosheets underneath. The high-angle-annular-dark-field 
scanning transmission electron microscopy (HAADF-STEM) was then used to precisely 
characterize the morphology of those unique structures.  The side and cross-section views are 
shown in Figure 4.2d and e. The HAADF-STEM images clearly reveal that MOF-derived 
nanosheets are constructed by hierarchically interconnected ultrathin nanosheets. The thickness 
of these ultrathin nanosheets was less than 5 nm estimated from the zoom-in HAADF-STEM 
image (Figure 4.2e).  It is necessary to note that some thicker parts in Figure 4.2d and e could 
be due to the tilt or the curly edge of the ultrathin nanosheets, which do not represent the real 
thickness of the nanosheets. Atomic Force Microscopy (AFM) was used to characterize the 
ultrathin nanosheets as well. As the space between ultrathin nanosheets is too small compared 
to the AFM tip, it is inappropriate to directly scan the substrate surface with ultrathin nanosheet 
layer. We then peeled the ultrathin nanosheets by sonication for the AFM characterization. As 
shown in Figure S4.4, the AFM height profiles indicate that the thickness of the nanosheets is 
2 ~ 5 nm. This thickness is consistent with the thickness value that is estimated from the HR-
HAADF-STEM images. 
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XRD pattern in Figure 4.2f shows the MOF-derived nanosheets have no diffraction 
peaks from the original Co-MOF but a new set of diffraction peaks well indexed to (006), (100), 
(012), and (111) facets of Co(OH)2 (PDF# 00-002-0925), indicating the nanosheets are 
composed of Co(OH)2. EDX spectra (Figure 4.2g) and elemental mapping (Figure 4.2h-i) 
demonstrate the MOF-derived nanosheets are only dominated by Co and O elements, and the 
disappearance of N element (~ 0.4 keV) suggests the removal of organic linkers. Besides, a 
strong N peak was observed in the EDX spectra of the sample etched for 10 min, due to the 
incomplete conversion from Co-MOFs into inorganic Co(OH)2 (Figure S4.5). With all the 
above characterizations, we can safely conclude that the Co-MOFs were fully converted into 
hierarchically structured ultrathin 2D Co(OH)2 nanosheet networks after 30 min etching. 
We used 100 mL of 0.025 M CoCl2.6H2O ethanol solution as etchant. The excessive 
amount of ethanol in the etchant can replace the H2O coordinated with cobalt ions and release 
it. With the released water, there is a hydrolysis equilibrium:  
Co2+ + 2H2O ↔ Co(OH)2 + 2H
+                     (1) 
This hydrolysis reaction has been reported in aqueous/ethanolic solutions of different 
cobalt salts and has previously been used to synthesize CoOxHy.
22,23 The slight acidity of as-
synthesized Co ethanolic etchant solution (pH: 5 ~ 6) was confirmed by pH meter and pH paper, 
showing that the hydrolysis equilibrium does occur in the etchant solution. When Co-MOF on 
nickel form is inserted into the etchant, the H+ produced from the aforementioned hydrolysis 
etches the MOF and release Co2+: 
Co(N − N)2 + 2H
+ ↔ Co2+ + 2(N − NH)         (2) 
Both of which can move the hydrolysis equilibrium to the right and prompt the Co2+ 
hydrolysis, as the whole process shown in below: 
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Immersing the cleaned Ni foam into a mixed aqueous solution of CoCl2·6H2O (0.05 M) 
and 2-methylimidazole (0.4 M) for 12 h at room temperature without stirring. (Co2+: 2-
methylimidazole = 1:8) 
 
A solubility equilibrium exists in the aqueous solution:  
Co2+ + 2Cl− + 4(N − NH) ↔ Co(N − N)2 + 2(NH − NH)
+Cl−        (3) 
To guarantee the formation of Co(N-N)2 (Co-MOF), the molar ratio of Co
2+: 2-
methylimidazole should be less than 1: 4. The molar ratio of Co2+: 2-methylimidazole is 1: 8 in 
this work, the H+ produced during the formation process of Co-MOF is therefore consumed by 
the excessive 2-methilymidazole in the solution.  
Co2+ + 2(N − NH) ↔ Co(N − N)2 + 2H
+             (4) 
(N-NH) + Cl− + H+  ↔ (NH − NH)+Cl−                (5) 
where  
(N − N)− represents the deprotonated 2-methlymidazole:  
 
(N-NH) represents the 2-methlymidazole:  
 
(NH − NH)+ represents the pronated 2-methlymidazole:  
 
After Co-MOF has been inserted into the etchant for 30 min, the final pH of etchant was 
measured to be ~7.0, as compared to the pH of 5~6 for the as-prepared etchant. When 5.92×10-
15 was used as the solubility product constant (Ksp) of Co(OH)2, the equilibrium pH was 
calculated as 7.3, which is very close to the measured value of ~7.0, therefore we believe 
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Co(OH)2 exists in the final etchant solution and that the D-U-Co(OH)2 is formed via the 
proposed hydrolysis-controlled MOF-etching process. The ultrathin feature of the Co(OH)2 
nanosheets is the result of the thorough etching process made possibly by MOFs’ porous 
structures that are easily accessible to the etching solution. 
High-resolution HAADF-STEM was then employed to investigate the crystal grains of 
D-U-Co(OH)2. As shown in Figure 4.3, the ultrathin nanosheet is nano-polycrystalline with in-
plane randomly oriented nano-sized grains. The fast Fourier Transformation (FFT) image 
inserted in Figure 4.3a shows a typical circle pattern of nano-polycrystalline even if the scale 
bar is only 2 nm.8 FFT patterns in Figure 4.3b demonstrate that different grain areas (from a1 to 
a4) have different orientations and can be well indexed to the crystal planes of Co(OH)2. Due 
to these small nano-sized grains (< 5 nm) and thus the high density of boundaries, D-U-Co(OH)2  
exposes a large amount of active sites on the surface for electrocatalysis reactions.8,9,14  
 
 
Figure 4.3 High resolution HAADF-STEM images. (a) HAADF-STEM images of D-U-
Co(OH)2. (b) High-resolution HAADF-STEM image of nano-grains and boundary defects in 




A thicker Co(OH)2 nanosheets layer on Ni foam was synthesized as control sample by 
immersing the obtained Co-MOF@Ni foam into 1M KOH electrolyte (pH ~ 13.6) at room 
temperature with stirring. As Co-MOF is unstable in strong alkaline media, it was rapidly 
(within a few minutes) converted into Co(OH)2 nanosheets with the thickness from 60 nm ~ 
200 nm (Figure S4.6a and b). In this work, the thick Co(OH)2 is denoted as T-Co(OH)2 (mass 
loading ~ 2.7 ± 0.37 mg cm-2). The XRD pattern of T-Co(OH)2 (Figure S4.6c) shows much 
sharp and stronger peaks than those of D-U-Co(OH)2, indicating the T-Co(OH)2 has a higher 
crystalline degree, as also confirmed by TEM images (Figure S4.6c and d). These results 
suggest that the rapid decomposition of Co-MOF in strong alkaline condition tend to produce 
thicker Co(OH)2 with a higher crystalline degree. 
The sensitive X-ray photoelectron spectroscopy (XPS) was further carried out to 
analyze the surface chemical composition of D-U-Co(OH)2. As shown in Figure S4.7a, XPS 
survey spectra demonstrate the coexistence of Co and O without N, which agrees well with the 
mapping result. The Co 2p3/2 spectra (Figure S4.7b) was fitted into two peaks with the main 
Co2+ peak at 780.1 eV and a shakeup satellite at 788.7 eV.24,25 The O 1s peaks at 531.0 eV and 
529.1 eV (Figure S4.7c) can be indexed to metal hydroxides and lattice oxygen, respectively.25  
The activity of D-U-Co(OH)2 catalyst toward OER was assessed in argon-saturated 1M 
KOH by using polarization curve at a scan rate of 5 mV s-1. Figure 4.4a shows the overpotential 
of D-U-Co(OH)2 required to reach j = 10 mA cm
-2
geo (current normalized to the geometric area 
of the electrode) is as low as 236 mV before iR-correction (where i and R represent the current 
and ohmic resistance, respectively) and even lower at 223 mV after applying a 90% iR-
correction. Besides, the estimated onset potential of D-U-Co(OH)2 (~ 1.39 V) is 80 mV lower 
than that of T-Co(OH)2 (~ 1.47 V). As onset potential is an important factor to judge the intrinsic 
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activity of catalyst,26 the significantly reduced onset potential of D-U-Co(OH)2 reveals its 
higher intrinsic activity than T-Co(OH)2. At η = 300 mV, the current density of D-U-Co(OH)2 
is as high as 30.8 mA cm-2 which is 2.5 ~ 3 times larger than T-Co(OH)2 and commercial RuO2 
(Figure 4.4b), showing the superior activity toward OER. The catalyst’s excellent stability was 
then demonstrated by chronopotentiometry holding at 20 mA cm-2 for 20 hours and no 
significant potential fluctuation was observed in Figure 4.4c. Therefore, D-U-Co(OH)2 has a 
good stability for OER under alkaline condition. We then compared the overpotential of D-U-
Co(OH)2 at 10 mA cm
-2 with the reported state-of-the-art Co-based catalysts, as shown in 
Figure 4.4d. D-U-Co(OH)2 has much lower overpotential than the mono-metallic Co 
oxide/hydroxides-based catalysts and is even comparable to the state-of-the-art Ni/Fe-based 
multi-metallic compounds. The catalytic kinetics of D-U-Co(OH)2 and T-Co(OH)2 for OER 
were calculated, and the two samples show similar Tafel slopes as 131 mV dec-1. Notably, the 
mass loading of T-Co(OH)2 (~ 2.7 mg cm
-2) is 3.9 times of D-U-Co(OH)2 (~ 0.62 mg cm
-2), 
which reflects the superior activity and efficiency of D-U-Co(OH)2 as the Tafel slope is usually 
influenced by catalyst mass loading.  
The active surface area is one of the vital factors that are responsible for the activity of 
catalysts, and the double layer capacitance (Cdl) is believed to reflect the electrochemical 
surface area (ECSA).26,27,43 As the oxyhydroxide will become conductive at or above the OER 
onset potential, we therefore measured the Cdl values of D-U-Co(OH)2 and T-Co(OH)2 using 
electrochemical impedance spectroscopy (EIS) at DC bias of 1.55 V vs RHE (Figure 4.4e).44 
Based on the EIS results, the mass-normalized Cdl of D-U-Co(OH)2 (0.45 F g
-1) is ~ 4.5 times 
of T-Co(OH)2 (0.10 F g
-1), indicating the D-U-Co(OH)2 has larger amount of active sites/unit 
mass. As shown in Figure 4.4f, the polarization plots of D-U-Co(OH)2 and T-Co(OH)2 were 
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normalized by their corresponding Cdl values. The intrinsic activity of D-U-Co(OH)2 is much 
higher than that of T-Co(OH)2. Thus, the high electrocatalytic activity of D-U-Co(OH)2 is 
mainly originated from its high intrinsic activity, as confirmed by the significantly reduced 
onset potential.45–47  
As the changes in crystallinity, structural size, etc. can significantly alter the intrinsic 
activity of catalysts,26,48 the higher intrinsic activity of D-U-Co(OH)2 than T-Co(OH)2 could be 
ascribed to the ultrathin and defective natures. To better evaluate the catalytic activity of the D-
U-Co(OH)2, we calculated its mass activity at η = 300 mV by using total catalyst mass and 
compared it with the reported Co-based OER catalysts.43,49,50 As shown in Figure 4.4g, the mass 
activity of D-U-Co(OH)2 is at least an order of magnitude higher than the CoHxOy-based mono-
metal catalysts, much higher than the exfoliated Co-M (M = Co, Ni, Fe, Mn, Zn) layered double 
hydroxides (LDHs), and comparable to the bimetallic Co-based compounds that have massive 
cation/anion vacancy defects. 
However, Boettcher et al. reported that the sub-ppm levels of Fe impurity in the as-
synthesized KOH electrolyte could be incorporated into NiOOH.51 In order to investigate 
whether or not the impressive OER activity of D-U-Co(OH)2 is contributed by Fe 
incorporation,52 we conducted OER activity measurements of D-U-Co(OH)2 in both purified 
1M KOH and 2 mM Fe + unpurified 1M KOH electrolytes, respectively, without applying iR-
correction. The sub-ppm level Fe impurity in the unpurified 1M KOH was removed by 
hydrothermally synthesized cobalt hydroxide powder (see details from the experimental 




Figure 4.4 Electrochemical behaviors. (a) OER polarization curves and (b) the current densities 
at η = 300 mV of D-U-Co(OH)2, T-Co(OH)2, commercial RuO2, and bare Ni foam in 1M KOH. 
(c) Stability test of D-U-Co(OH)2. (d) Comparison of η @ j = 10 mA cm
-2. (e) Cdl and (f) the 
Cdl-normalized polarization curves. (g) Comparison of mass activity @ η = 300 mV. References 
cited in panels (d) and (g): Gelled FeCo/Gold foam,27 Gelled FeCoW/GCE,27 3DGN/CoAl-
NS,28 Cox@CN/NF,
29 CoFe-LDHs-Ar,30 Co(OH)2@NCNTs@NF,
31 Co-Mo-O NSs@NF,32 
Gelled FeCo/GCE,27 LDH-FeCo/Gold foam,27 CoMn LDH after AC,33 s-Co(OH)2/SWNTs,
34 
Co3O4/N-rmGO,





38 Exfoliated NiCo LDH,13 Armorphous NiCo2.7(OH)x,
39 
Exfoliated Co-Co LDH,7 CoMn-LDH,33 α-Co(OH)2-Cl,
40 Exfoliated Ni-Co LDH,7 CoFe 
LDHs,30 CoFe LDH/rGO,41 Ag NW@Co NS3.42 
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As shown in Figure S4.8a, the OER activity of D-U-Co(OH)2 in purified 1M KOH 
electrolyte is slightly lower than that in the unpurified electrolyte. In the 2 mM Fe + unpurified 
1M KOH electrolyte, the OER activity is significantly increased. These results agreed with 
previous studies that the Fe impurity in the electrolyte could affect the OER activity of the 
electrocatalyst. However, in our study the Fe impurity affects the observed OER activity of D-
U-Co(OH)2 only to a limited extent, possibly due to the low concentration of Fe in the 
unpurified 1M KOH electrolyte. Considering most of the OER activities reported in literatures 
were tested in unpurified KOH electrolyte, we kept the OER results obtained in the as-prepared 
1M KOH electrolyte for comparison with the previously reported OER catalysts. In order to 
further demonstrate the superiority of our synthesis method, we deposited the CoOxHy on Ni 
foam by electrodeposition method with a mass loading of 0.6 ~ 0.7 mg cm-2, similar to the 0.62 
mg cm-2 mass loading of D-U-Co(OH)2, and compared its OER activity with that of D-U-
Co(OH)2 in the purified 1M KOH electrolyte. In Figure S4.8b, the D-U-Co(OH)2 shows a 
significant higher OER activity than that of the electrodeposited CoOxHy. 
Nickel (Ni) is another extensively investigated element for OER and the incorporation 
of Ni into Co hydroxide can significantly improve the OER activity due to the synergetic 
effect.7,53 To preliminarily test the general applicability of the room-temperature synthesis route, 
we replaced the {Co2+ + ethanol} etchant by {Ni2+ + ethanol} to etch the Co-MOF and obtained 
ultrathin defect-rich CoNi hydroxide (D-U-CoNi-OH, 0.27 mg cm-2). As shown in Figure 4.5a 
and b, the D-U-CoNi-OH uniformly grow on Ni foam but its morphology is different from D-
U-Co(OH)2. The similar ultrathin and defect-rich nature of D-U-CoNi-OH are demonstrated by 
the HAADF-STEM images (Figure 4.5c and f), TEM images and corresponding FFT patterns 
(Figure 4.5d), SAED pattern (Figure 4.5e), and the EDX elemental mapping (Figure 4.5g-j). It 
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is nano-polycrystalline with a thickness of 3 ~ 4 nm.8,54 The atomic ratio of Co: Ni is 48.9: 51.1, 
which is close to the reported optimal ratio.55  
 
Figure 4.5 Material characterizations for ultrathin CoNi hydroxide. (a, b) SEM, (c) HAADF-
STEM, (d) TEM, and (e) SAED images of Co-MOF nanoarray-derived ultrathin CoNi 
hydroxide nano-polycrystalline. (f-j) HAADF-STEM and elemental mapping images. The 
thickness measurement is shown in figure d and f. 
 
Its electrocatalytic activity toward OER was tested under the same condition as 
mentioned above. As expected, the D-U-CoNi-OH only needed 228 mV overpotential to deliver 
a 10 mA cm-2 current density (Figure S4.9a) with a small Tafel slope of 57 mV dec-1 after a 90% 
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iR-correction (Figure S4.9b) in unpurified 1M KOH. Despite the mass loading of D-U-CoNi-
OH is only about 43% of D-U-Co(OH)2, its kinetics (reflected by Tafel slope) and the activity 
at high voltage are much higher than D-U-Co(OH)2. At η = 300 mV, the current density of D-
U-CoNi-OH reaches as high as 89.9 mA cm-2, and its turnover frequency (TOF) and mass 
activity reach 0.092 s-1 and 332.96 A g-1, respectively.27,56 The excellent stability of D-U-CoNi-
OH electrode toward electrochemical OER in alkaline was demonstrated by CV cycling and 
constant potential methods, respectively (Figure S4.9c). Similar with the above methods, we 
also recorded the polarization plots of D-U-CoNi-OH in purified 1M KOH, unpurified 1M 
KOH, and 2 mM Fe + unpurified 1M KOH electrolytes, respectively, after their OER 
performances reach steady state. All plots were recorded without using iR-correction. As 
shown in Figure S4.9d, the OER current in the unpurified electrolyte is higher than that in 
purified electrolyte and lower than that in the electrolyte of 2 mM Fe + unpurified 1M KOH, 
again proving the Fe impurities could have contributed to the high activity of D-U-CoNi-OH 
to some extent. To further demonstrate the versatility of this room-temperature synthesis 
method, the Co-MOF nanoarrays were successfully grown on different substrates, including 
carbon cloth paper, titanium mesh, and glass beaker wall (as shown in Figure S4.10).  
4.5   Conclusions 
In summary, we demonstrated a simple, scalable, and efficient two-step strategy to 
synthesize grain-boundary (GB)-rich ultrathin transition metal hydroxide nanosheet-networks 
on the conductive substrate at room temperature. We initially grow the Co-MOF (ZIF-L-Co) 
nanosheet arrays on 3D nickel foam and then convert it into inorganic Co-M (M = Co and Ni) 
hydroxides through a facile etching process. The resulting nano-polycrystalline ultrathin 
TMHs exhibit superior catalytic activities toward OER in alkaline media. This two-step 
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process offers a simple and scalable synthetic route towards defect-rich hierarchical 
nanostructures with tunable chemical compositions on versatile substrates. This synthetic route 
also opens new opportunities in water splitting, metal-air batteries, fuel cells, carbon dioxide 
reduction, etc.  
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Figure S 4.1 XRD pattern of ZIF-L-Co MOFs. MOFs formed (a) on nickel foam support and 









Figure S 4.3 Photographs of electrodes. (a) Directly immerse Ni foam into the mix solution of 
Co2+ and 2-methylimidazole for 6 hours. (b) Nickel foam was initially immersed into the water 
solution of 2-methylimidazole for overnight and then immersed into the mix solution of Co2+ 
and 2-methylimidazole for another 6 hours. The concentrations of Co2+/ 2-methylimidazole in 




Figure S 4.4 Atomic Force Microscopy (AFM) images and the height profile of the ultrathin 
nanosheets. The nanosheets were peeled off from the nickel foam substrate by sonication. 
 
 
Figure S 4.5 Characterizations for the partially etched MOF. (a) SEM image and (b) the 
corresponding EDX spectra for the Co-MOF after etching for only 10 min. Note: The Iridium 
(Ir) is from the conductive coating sputtered on the surface and the Ni element peak is from 




Figure S 4.6 Material characterizations for the Co(OH)2 formed by etching MOF in KOH. 
(a,b) SEM images of T-Co(OH)2 control sample, which was synthesized by immersing Co-
MOF into 1M KOH electrolyte with stirring. (c) XRD patterns of D-U-Co(OH)2 and the T-
Co(OH)2 powders. (d,e) TEM images of the T-Co(OH)2.The inset image in (b) is the 




Figure S 4.7 Chemical composition analysis of D-U-Co(OH)2. (a) XPS survey spectra of D-




Figure S 4.8 OER polarization curves recorded in purified, unpurified, and 2 mM Fe + 
unpurified 1M KOH electrolytes. (a) Polarization plots of D-U-Co(OH)2 recorded in the 
purified (Fe-free) 1M KOH, unpurified 1M KOH, and the 2 mM Fe + unpurified 1M KOH 
electrolytes; respectively. (b) The LSV plots of D-U-Co(OH)2 and the electrodeposited 
CoOxHy in purified 1M KOH media. All the plots were recorded without applying iR-




Figure S 4.9 OER polarization curves of D-U-CoNi-OH. (a) The polarization curve of the 
defect-rich ultrathin CoNi hydroxide (D-U-CoNi-OH) in 1 M KOH before and after iR-
correction. (b) Tafel slope of D-U-CoNi-OH during OER. (c) The initial polarization curve 
and a curve recorded after a long-time test at a constant j of 10 mA cm-2 for over 20 hours. (d) 
Polarization plots of D-U-CoNi-OH recorded in the purified 1M KOH, unpurified 1M KOH, 
and 2 mM Fe + unpurified 1M KOH electrolytes, respectively, without iR correction. 
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Figure S 4.10 Images of Co-MOFs grown on various supports. (a,b) SEM images of Co-MOF 
on Ti mesh. (c,d) SEM images of Co-MOF grown on carbon cloth. (e,f) Photographs of Co-
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CHAPTER 5.    CONCLUSIONS 
In summary, several strategies are proposed to develop novel and more effective 
electrocatalysts toward OER in non-acidic condition: 
(1) Fe-Ni phosphide nanosheets with different Fe/Ni ratios were fabricated on the 3D 
nickel foam substrate. The FeNiP electrode only needs 255 mV overpotential to drive an OER 
current density as high as 500 mA/cm2.  This work also studied the key role of Fe in Ni-P 
catalysts, and further revealed that the real active phase responsible for OER is the FeNiP-
derived amorphous FeNi (oxy)hydroxide layer (~ 10 nm thickness), which shows much higher 
intrinsic activity than the directly synthesized FeNi hydroxide.  
(2) Using the hydrothermally synthesized NiFe hydroxyl fluoride (NiFe-OH-F) as an 
representative case of the most active transition metal-based OER catalysts, I showed that the 
fluoride leaching can trigger the in situ dynamic surface reconstruction and then convert the 
NiFe-OH-F into porous and amorphous metal oxide (NiFeOx) under OER processes. The 
surface reconstructed NiFe-OH-F (NiFe-OH-F-SR) shows at least an-order-of-magnitude 
higher intrinsic activity for OER, which delivers 10 mA cm-2 current density at an overpotential 
of 176 mV in 1M KOH. By a series of materials characterization and electrochemical 
measurements, the metal hydroxyl fluoride has been proven to be another type of pre-catalyst 
for the derivation of highly efficient OER catalysts beside the metal phosphides, 
chalcogenides, and nitrides. 
(3) A two-step strategy has been demonstrated to fabricate grain-boundary (GB)-rich 
2D transition metal hydroxide (TMH) networks on the conductive substrate through etching a 
self-supported Co-MOF nanosheet arrays. Simultaneous linker removal and metal-cation 
hydrolysis occur in the etching process of MOF. The defect-rich 2D TMHs exhibit superior 
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activities toward OER in alkaline media due to the rich GB defect and highly exposed active 
sites. This interesting strategy offers an unique synthetic route towards GB-rich hierarchical 
nanostructures with tunable chemical compositions.  
These works represent part of the newest advances in the field of electrochemical OER 
as well as open an avenue for synthesizing advanced nanomaterials at mild conditions that 
conventional methods are difficult to get access to. These simple and scalable approaches 
might be applicable for creating highly active OER catalysts and enabling the development of 
low cost and efficient water splitting systems, fuel cells, rechargeable metal-air batteries, CO2 
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